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Abstract
Fixed-dose drug combinations (FDC) such as bi-layer tablets are known to improve treatment 

outcomes in polypharmacy patients thanks to better medication adherence achieved by 

reduced pill burden. However, the bulk manufacturing of FDCs is technically and economically 

viable only for such combinations where a sufficiently large patient cohort exists. The present 

work explores the “flexible dose combination” approach, which is based on the bulk 

manufacturing of placebo tablets containing mesoporous silica particles, and their subsequent 

impregnation by a combination of active pharmaceutical ingredients (API) at dosage strengths 

that can be adjusted to smaller patient cohorts or even individual patients. The present 

approach is based on volumetric dosing, which is generally faster and allows finer dosing steps 

than powder-based additive manufacturing methods. Specifically, this study investigates the 

potential of mesoporous silica-based tablets for the commonly prescribed triple combination of 

candesartan, hydrochlorothiazide, and amlodipine. Two grades of mesoporous silica were 

compared in terms of drug loading capacity and release kinetics for each API individually, and 

their binary and ternary combinations. Tablets containing Syloid 72FP showed superior 

performance in terms of drug release rates than tablets with custom-made mesoporous silica. 

The order in which the APIs were impregnated was found to be an important factor influencing 

drug release kinetics. The loading sequence candesartan-hydrochlorothiazide-amlodipine 

emerged as the best performing, enhancing amlodipine release and maintaining high release 

rates of hydrochlorothiazide and candesartan when compared to nanocomponent benchmarks 

The findings prove that mesoporous placebo tablets loaded by the drop-on-demand method 

can effectively accommodate the triple drug combination, demonstrating their potential as a 

carrier system for flexible-dose formulations. At the same time, non-trivial API-specific 

dependence of drug release on the quantity and order of drug loading into the tablet was found, 

which must be considered when designing such formulations.
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1 Introduction

Multi-drug formulations can be defined as pharmaceutical dosage forms that combine more 

than one active pharmaceutical ingredient (API) in a single drug product. The practicality of 

such formulations for patients stems from reducing the number of dosage units they must 

swallow. Reduced pill burden and consistent dosing often positively translates into improved 

medication adherence and superior treatment outcomes compared to the co-prescription of an 

equivalent combination of mono-component drug products [1, 2]. The complexity of the 

medication regime is one of the most often cited reasons for medication non-adherence, which 

rises with the number of different medicines the patient must take. While adherence in patients 

taking only one medication is reported to be over 80 %, this value decreases to about 50 % in 

the case of four medications [3]. The combination of multiple active components is a common 

practice for ointments prepared individually in the pharmacy [4], e.g. for antibiotics and 

corticosteroids. For mass-produced medicines, multi-drug tablets represent the most common 

form. These so-called Fixed Dose Combinations (FDCs) typically combine two or three APIs 

at a few dosage strength combinations chosen to cover a sufficiently large patient cohort for 

mass production and distribution to be worthwhile [5]. Between 2013 and 2018, almost 100 

multi-drug formulations were approved by the regulatory authorities FDA (US Food and Drugs 

Administration) and EMA (European Medicines Agency) [6]. Most of them focus on HIV, 

respiratory diseases, diabetes, cardiovascular diseases, and hepatitis C [7]. 

Depending on the physico-chemical compatibility of the APIs, FDC tablets can be 

manufactured either by the direct compression of powder blends containing multiple APIs, by 

individually granulating each API before tabletting to achieve their physical separation at the 

particle level, or by forming multi-layer tablets to achieve physical separation at the tablet level 

[8-11]. The physical separation of APIs in the formulation eliminates interactions that could 

cause API degradation, tablet hardening or other undesired phenomena that can occur during 

storage [12]. An inherent limitation of FDCs is that if the corresponding mono-component drug 

products are prescribed at multiple strengths, and two or three such APIs are to be combined 

into a single FDC drug product, the number of possible combinations raises in a geometric 

series. It is neither economical nor practical to mass-produce all such combinations [13]. 

Consequently, not all patients who could potentially benefit from FDCs are served. For 

example, one of the most often prescribed triple combination in the cardiovascular therapeutic 

area is the combination of candesartan, amlodipine and hydrochlorothiazide. Considering all 

combinations of currently marketed strengths of the nanocomponent drugs would result in (4-

8-16-32 mg) x (2.5-5-10 mg) x (12.5-25-50 mg) = 36 combinations. Moreover, prescription 
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practices by physicians within the same therapeutic area may differ. For example, instead of 

candesartan, some physicians might prefer to prescribe telmisartan, valsartan or losartan. The 

number of possible drug combinations and substitutions then rises even further.

New technologies such as additive manufacturing enable the production of multi-drug 

formulations with personalised composition from a theoretically unlimited combination of APIs 

at dosage strengths that can be freely adjusted. Numerous examples of 3D printed tablets 

containing sub-domains with different APIs have been reported in the literature [14-16], 

including “polypill” prototypes with up to six different APIs [17]. Computational techniques for 

the rational design of 3D printed tablets with specifically required drug release profiles have 

been developed as well [18-20]. Methods typically used for fabricating 3D printed tablets 

include fused deposition modelling from a polymer filament [21], syringe extrusion from a gel 

or paste [22], binder jetting into a powder bed [23] or selective laser sintering [24]. While 3D 

printed tablets produced by fused deposition modelling are mainly the domain of research 

prototypes due to speed limitations [25], tablets based on binder jetting have reached 

commercial-scale production [26] since liquid droplet dispensing can be performed at much 

higher speeds than polymer melt extrusion. Although polypills produced by additive 

manufacturing methods can in principle achieve full personalisation of the tablet composition, 

their practical use can be limited by factors such as excessive tablet size, which is caused by 

the need to include large quantities of excipients to make the formulation manufacturable by 

additive methods. The scalability of conventional additive manufacturing methods in terms of 

speed and drug degradation are additional factors that may complicate the mass 

implementation of polypills with customizable composition.

The present work explores an alternative approach, which aims to combine the benefits of 

industry-standard mass production of pharmaceutical tablets in a high-speed rotary tablet 

press with the flexibility of composition and dose customisation offered by liquid jetting. 

A method based on drop-on-demand impregnation of APIs into porous placebo tablets 

containing mesoporous silica has been recently demonstrated [27]. This concept was inspired 

by the old practice of delivering unpleasantly tasting medicines or vaccines to children by 

impregnating them into a sugar cube, which acts both as a taste masking agent and as 

a calibrated dose delivery system. In this work, the porous matrix of the sugar cube is replaced 

by a tablet containing a high proportion of mesoporous silica particles. Thanks to a large 

specific pore volume, mesoporous silica particles [28] are capable of storing and releasing a 

range of different APIs [29] with the added benefit of providing faster drug release due to 

amorphization [30-33]. Several studies have already explored various ways of improving the 

bioavailability of APIs such as candesartan [34, 35], amlodipine [36, 37], and 
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hydrochlorothiazide [38-41]. The precise volumetric dosing of API solutions into prefabricated 

placebo tablets made from mesoporous silica particles then enables the manufacturing of 

multi-drug formulations with fully customisable composition and dosage strength [42-44]. 

The feasibility and basic principles of this method have been recently demonstrated using 

model compounds [27]. It was shown that the drop-on-demand method is precise enough to 

meet pharmacopoeia specifications on content uniformity, but also that repeated impregnation 

and drying cycles can result in complex concentration patterns within the tablet. The aim of the 

present work it to explore this manufacturing concept in the case of triple-drug combinations 

using real APIs, namely amlodipine, candesartan and hydrochlorothiazide, which are among 

the most frequently co-prescribed APIs according to published statistics [45]. Mesoporous 

silica tablets were impregnated by each API individually and by their binary and ternary 

combinations at different sequences to investigate whether the loading order of the APIs had 

any influence on their release profiles. This knowledge is essential for reproducible and robust 

manufacturing of such multi-drug formulations.

2 Materials and methods

2.1 Materials

Tetraethyl orthosilicate (TEOS, 98%, CAS 78-10-4), cetyl trimethyl ammonium bromide 

(CTAB, 99%, CAS 57-09-0), Tween 20 (CAS 9005-64-5) and ammonium hydroxide (35 %, 

CAS 1336-21-6) were purchased from Sigma Aldrich. Methanol (p.a.,100 %, CAS 67-56-1), 

chloroform (99.9 %, amylene stabilized, CAS 67-66-3), acetonitrile (chromatography grade, 

CAS 75-05-8), sodium chloride (NaCl, 99.9 %, CAS 7647-14-5) and dihydrogen potassium 

phosphate (H2KPO4, 99%, CAS 7778-77-0) were purchased from Penta chemicals. Syloid 72 

FP (CAS 7631-86-9), Avicel PH 101 (CAS 9004-34-6), lactose monohydrate (CAS 10039-26-

6), sodium lauryl sulphate (CAS 151-21-3), croscarmellose sodium (CAS 74811-65-7), 

magnesium stearate (CAS 557-04-0), amlodipine besylate (AML, CAS 111470-99-6, Batch 

No. AL19060005, manufactured by Hetero drugs Ltd., CoA purity: 100.2%), candesartan 

cilexetil (CAN, CAS 145040-37-5, Batch No. 5258-13-119, manufactured by Zheijang Huahai 

Pharmaceutical Co.) and hydrochlorothiazide (HCTZ, CAS 58-93-5, Batch No. RHCTP70156, 

manufactured by Unichem Laboratories Ltd.) were kindly provided by Zentiva, k.s.

2.2 Silica particles
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The custom-made silica particles were synthesized as described in [46]. The basic hydrolysis 

of TEOS in a water/ethanol mixture was catalysed by NH4OH with CTAB as a surfactant. The 

synthesised SiO2 was then calcined and stored as a powder until further use. Particles 

produced by this recipe were spherical with a high specific surface (>1000 m2/g) [46]. All 

experiments were done also with Syloid 72 FP for comparison with authority-approved 

products. Syloid 72 FP is a commercially available SiO2 with a significantly lower specific 

surface (340 m2/g) than synthesized silica [48]. However, the specific surface of the silica does 

not have to be the decisive factor in real-life applications.

2.3 Placebo tablet preparation 

The tablets were prepared as described previously [27]. The tablet composition was identical 

for both Syloid and custom-made silica: 35 % wt. SiO2, 40 % wt. microcrystalline cellulose 

(Avicel PH 101), 22.5 % wt. lactose monohydrate, 0.5 % wt. sodium lauryl sulphate, 1 % wt. 

croscarmellose sodium and 1 % wt. magnesium stearate. All ingredients were thoughtfully 

mixed for complete homogenization of the physical mixture. This mixture was then tabletted 

by a single-station semi-automatic tablet press (Natoli NP-RD10A) at 6 kN using round, flat-

top punches of 10 mm in diameter. The tablets had a weight of 200 mg and a thickness of 3 

mm. They were manufactured in batches of 50. It was previously found [27] that such silica 

tablets had a disintegration time of < 1 min irrespective of drug loading and they were 

unaffected by exposure to organic solvents. The tablet hardness was 88 ±5 N

2.4 Drop-on-demand impregnation

The placebo silica tablets were impregnated with precise doses of API using a solution of the 

API in a suitable solvent (25 mg/mL in methanol for HCTZ and AML, and 40 mg/mL in 

methanol:chloroform 3:1 (w:w) mixture for CAN). The drug loading process consisted of 

repeated impregnation-drying cycles depending on the required quantity of each API. The API 

solution was dosed by a computer-controlled syringe pump Nemesys S (Cetoni GmbH, 

Germany), equipped with a glass syringe connected to a polytetrafluorethylene (PTFE) 

capillary (0.8 mm i.d.) as described previously [27]. The volumetric dosing accuracy was 

previously found to be less than +/-5% of the nominal dose. The end of the capillary was 

positioned directly above the centre of the tablet, which was placed under a box cover to 

prevent premature solvent evaporation. Before the first loading, the tablets were dried in an 

oven at 45 °C for 15 min to remove atmospheric moisture that is naturally adsorbed in the silica 

particles. Between one and eight impregnation-drying cycles were conducted with each tablet, 

depending on the desired final dose of the API. The impregnation flow rate was set to 25 
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μL/min; thus, the loading part of each cycle took 2 min to complete. The drying part of the cycle 

was done in the oven at 45 °C for 15 min. These drying conditions are based on a previous 

analysis [27]; they were found to be sufficient to prepare the tablet for the next impregnation 

step and to completely remove any residual solvent after the last impregnation step. 

The tablets were loaded by each API at two doses, namely 4 mg and 32 mg for CAN, 2.5 mg 

and 10 mg for AML, and 12.5 mg and 20 mg for HCTZ. These quantities represent the lowest 

and the highest marketed dose with the exception HCTZ where the high dose was limited to 

20 mg to keep the number of loading cycles under eight, which was determined as a limit in 

the previous research [27]. Based on the API concentrations in the solvents used for 

impregnation, 32 mg of CAN represents a cumulative impregnation volume of 0.8 mL 

(8 impregnation-drying cycles), 10 mg of AML represents 0.4 mL (4 impregnation-drying 

cycles), and 20 mg of HCTZ represents 0.8 mL (8 impregnation-drying cycles). Then, every 

possible double combination of these APIs was loaded, including permutations. Finally, the 

triple combinations CAN-HCTZ-AML, CAN-AML-HCTZ and HCTZ-AML-CAN loading were 

prepared to investigate possible effects of loading sequence on drug release. The drug loading 

combinations and sequences are summarised in Table 1. All compositions were prepared in 

triplicates.

Sample name Silica 
type

CAN 
[mg]

AML 
[mg]

HCTZ 
[mg]

Loading sequence
(no. cycles, volume per cycle)

CAN_4.0 custom custom 4.0 - - CAN only (1 x 0.1 mL)

CAN_4.0 Syloid Syloid 4.0 - - CAN only (1 x 0.1 mL)

CAN_32 custom custom 32.0 - - CAN only (8 x 0.1 mL)

CAN_32 Syloid Syloid 32.0 - - CAN only (8 x 0.1 mL)

AML_2.5 custom custom - 2.5 - AML only (1 x 0.1 mL)

AML_2.5 Syloid Syloid - 2.5 - AML only (1 x 0.1 mL)

AML_10 custom custom - 10 - AML only (4 x 0.1 mL)

AML_10 Syloid Syloid - 10 - AML only (4 x 0.1 mL)

HCTZ_12.5 custom custom - - 12.5 HCTZ only (5 x 0.1 mL)

HCTZ_12.5 Syloid Syloid - - 12.5 HCTZ only (5 x 0.1 mL)

HCTZ_20 custom custom - - 20.0 HCTZ only (8 x 0.1 mL)

HCTZ_20 Syloid Syloid - - 20.0 HCTZ only (8 x 0.1 mL)

CAN-AML Syloid 4.0 2.5 - 1. CAN, 2. AML

AML-CAN Syloid 4.0 2.5 - 1. AML, 2. CAN

CAN-HCTZ Syloid 4.0 - 5.0 1. CAN, 2. HCTZ
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HCTZ-CAN Syloid 4.0 - 5.0 1. HCTZ, 2. CAN

AML-HCTZ Syloid - 2.5 5.0 1. AML, 2. HCTZ

HCTZ-AML Syloid - 2.5 5.0 1. HCTZ, 2. AML

CAN-HCTZ-AML Syloid 4.0 2.5 5.0 1. CAN, 2. HCTZ, 3. AML

CAN-AML-HCTZ Syloid 4.0 2.5 5.0 1. CAN, 2. AML, 3. HCTZ

HCTZ-AML-CAN Syloid 4.0 2.5 5.0 1. HCTZ, 2. AML, 3. CAN

Table 1: Summary of all tablet samples prepared in the course of this work. The drug loading 

is given in mg per tablet. One placebo tablet had a weight of 200 mg and contained 35 % wt. 

of silica (Section 2.3). The composition of additional tablets not included in main body of the 

article can be found in the Supplementary information as Table S1.

2.5 Tablet dissolution

Tablet dissolution experiments were carried out in a USP II apparatus (paddles, 75 rpm), 

900 mL PBS pH 6.8 enriched with 0.35 % Tween 20, which corresponds to the FDA dissolution 

guidance for this triple combination of drugs [47]. Samples of 1 mL were withdrawn via 10 μm 

syringe filter at 2, 5, 10, 15, 20, 25, 30, 45, 50 and 60 minutes. All dissolution experiments were 

done in triplicates and the resulting data points are reported as mean +/- standard deviation. 

A validated HPLC method for accurate quantification of HCTZ, AML, and CAN was kindly 

provided by Zentiva, k.s. The analysis was carried out on HPLC Agilent 1260 equipped with 

quat. pump (G1311B), autosampler (G1329B), column comp. (G1316A), DAD (G1315D) and 

XBridge® C8 column (250 mm × 4.6 mm; 5 µm). The autosampler temperature and the column 

temperature were set to 37 °C. The separation of HCTZ, AML, and CAN was achieved by 

gradient elution (Table 2). The run time for the analysis was 12 min. All analytes were 

monitored at 255 nm.

Table 2: Gradient elution settings for HPLC analysis.

Time (min) % A % B Flow (mL/min)

1.00 80 20 1.300

9.00 10 90 1.300

9.50 90 10 1.300

12.00 90 10 1.300
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The mobile phase A was a mixture of aqueous buffer and acetonitrile 80:20 (v/v); mobile 

phase B was a mixture of aqueous buffer and acetonitrile 20:80 (v/v). The aqueous buffer was 

prepared by pipetting 1 mL of triethylamine into 1 L of distilled water. The pH of such solution 

was then adjusted to a value of 6 by adding 0.4 mL of phosphoric acid (85% aq. sol.). The 

acetonitrile used to prepare the mobile phase was HPLC gradient grade.

 

2.6 Crystallinity measurement

It is known that API loading to mesoporous silica can lead to drug amorphization, but there is 

an upper limit on the amorphization capacity for each API [48]. To determine the amorphization 

limit for the three specific APIs and their combinations used in this work, x-ray powder 

diffraction (XRPD) data were collected at room temperature with an X'Pert PRO-θ-θ powder 

diffractometer with parafocusing Bragg-Brentano geometry using CuKα radiation (λ = 1.5418 

Å, U = 40 kV, I = 30 mA). Tablets were crushed before the measurement.  Data were scanned 

with an ultrafast detector X'Celerator (or with a scintillator detector equipped with a secondary 

curved monochromator) over the angular range of 5–60° (2θ) with a step size of 0.017° (2θ) 

and a counting time of 20.32 s per step. Data evaluation was performed in the software 

package HighScore Plus 3.0e.

2.7 Stress test of prepared formulations

The freshly prepared tablet containing a triple combination of CAN-HCTZ-AML (Table 1) was 

stressed for three days in a drying oven (Memmert 400) with a set temperature of 60 °C and 

relative humidity (RH) of 75 %. Afterwards, the tablet was dissolved in a mixture of acetonitrile 

and methanol in a ratio of 1:1 (v:v) and then analysed by UPLC (Agilent 1290 Infinity) to 

determine if any degradation might have occurred due to drug interactions after silica 

impregnation. It should be noted that unlike classical tablets where the shelf life is measured 

in years, tablets impregnated by individualised mixtures of APIs are meant for immediate 

consumption (e.g., storage for tens of days), and so the main purpose of the stress tests was 

to check for possible short-term incompatibility rather than long-term storage stability.

2 Results and discussion

3.1 Effect of silica type on drug release from single-API tablets

The drug release from tablets impregnated with each API individually was investigated first, to 

establish a baseline for subsequent studies of binary and ternary drug combinations. Each API 
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was loaded at two doses (“low” and “high” according to its typical prescription) into tablets 

containing each type of mesoporous silica particles (i.e., custom made silica and Syloid 72 

FP), as specified in Table 1. The resulting drug release profiles are summarised in Fig. 1 

(individual magnified dissolution curves can be found in the Supplementary material, Fig. S1 – 

S6). These results reveal the existence of three different drug release scenarios with respect 

to API dose in the tablet. In the case of HCTZ, practically 100 % (within the standard deviation) 

was released from the tablets regardless of the silica type or drug loading level. On the other 

hand, neither CAN nor AML have reached full dissolution within 60 min in any of the silica/dose 

combinations. Curiously, while the percentage release of CAN has decreased with increasing 

dose, the opposite was true for AML. Overall, tablets containing Syloid 72 FP perform better 

for all three APIs at both low and high drug loading than tablets made from the custom silica. 

Based on these results, only tablets containing Syloid 72 FP have been retained for 

subsequent studies of binary and ternary drug combinations.

Figure 1: Drug release profiles of individual APIs loaded to silica tablets. a) Low dose in custom 

silica; b) low dose in Syloid 72 FP; c) high dose in custom silica; d) high dose in Syloid 72 FP. 
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The values by the curves denote percentage release of the dose after 60 min; the dose for 

each API is given in the legend.

The results shown in Fig. 1 can be interpreted by considering three factors: API solubility, silica 

amorphization capacity, and API-silica interaction (adsorption). The equilibrium solubility of 

HCTZ (2.24 mg/mL in H2O at 25 ˚C) is much higher than that of CAN (0.00745 mg/mL in H2O 

at 25 ˚C) or AML (0.0074 mg/mL in H2O at 25 ˚C). HCTZ is also less hydrophobic (log P -0.16) 

than either CAN (log P 3.44) or AML (log P 2.22) [49]. Hence, its complete dissolution after 60 

min might not come as a surprise. For CAN in the low-dose tablets (Fig. 1a and 1b), complete 

release is probably just a matter of time as the release curves clearly maintain a positive slope 

at the 60 min mark and both appear to asymptotically converge towards 100 % release. For 

the high dose CAN tablets (Fig. 1c and 1d), a reduction in the percentage release was 

observed (decrease from 85 % to 63 % for custom silica, and from 97 % to 78 % for Syloid). 

Nevertheless, it should be noted that out of the three APIs, CAN represents the highest 

absolute increase in the dose between the low and the high-dose scenarios (Table 1). 

Therefore, although the percentage release decreased, the absolute quantity of CAN dissolved 

from the tablets after 60 min still increased considerably: from 3.4 mg to 20.3 mg for custom 

silica, and from 3.9 mg to 25.1 mg for Syloid.

An opposite type of behaviour was seen for AML, where not only the absolute but also the 

percentage drug release increased for the increased dose (from 49 % to 59 % for custom silica, 

and from 55 % to 74 % for Syloid, which represents an absolute increase from 1.2 mg to 5.9 mg 

for custom silica and from 1.4 mg to 7.4 mg for Syloid, respectively). It is known from previous 

studies [48, 50, 51] that drug loading to mesoporous silica particles can improve the dissolution 

of poorly soluble APIs (BCS class II and IV) by amorphization. However, each silica-API 

combination has some upper limit (amorphization capacity) beyond which the dissolution rate 

enhancement is no longer effective. XRPD analysis of silica powder with all three APIs reveals 

that they remain amorphous even at the highest drug loading (Fig. 2). Therefore, crystallinity 

is unlikely to be the reason behind incomplete drug release.
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Figure 2: XRPD patterns of Syloid 72 FP loaded with the highest doses of single APIs.

However, it has been previously reported that apart from dissolution rate enhancement by 

amorphization, loading to mesoporous silica can sometimes lead to incomplete drug release 

due to too high affinity between the API and the silica surface (adsorption). A systematic study 

of this phenomenon on a sample of seven APIs and 4 different silica types was reported by 

Šoltys et al. [48]. The underlying molecular interaction mechanisms were elaborated by 

Niederquell et al. [50]. It can be hypothesised that a certain quantity of the API is adsorbed on 

the silica surface and the rest is free to be dissolved to the bulk of the dissolution medium. Due 

to the finite sorption capacity of the silica surface, increasing the absolute quantity of drug-

loaded to the mesoporous silica carrier can result in an increase of both absolute and relative 

drug release, as was probably the case of AML here.

3.2 Binary API combinations in Syloid tablets

The effect of binary API combinations on drug release from porous tablets containing Syloid 

was investigated by comparing the dissolution curve of each API to its mono-component case, 

always for both permutations of the loading order. The dissolution curves are summarised in 

Fig. 3 (HCTZ with CAN), Fig. 4 (HCTZ with AML), and Fig. 5 (CAN with AML), respectively. 

Detailed dissolution profiles of binary API combinations from both types of silica carriers can 

be found in the Supplementary material (Figure S7-S18). Very interesting and unexpected API 

interactions were found in these binary systems, indicating that not only the presence of 

another API, but also the order in which the two APIs were loaded to the porous carrier, and 

the solvent from which they were loaded, can influence the drug release of a co-loaded API 

both upwards and downwards compared to the single-API case. 
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In general, HCTZ was the least affected by the presence of another co-loaded API, whereas 

CAN was affected negatively, and AML positively. The release of CAN, which dissolved well 

from a single-API formulation, was significantly suppressed by the presence of a co-loaded 

API for both HCTZ (Fig. 3) and AML (Fig. 5). The suppression seemed to be slightly less severe 

when CAN was loaded as the first component (Fig. 3b, Fig. 5b) but occurred nonetheless. It is 

perhaps less surprising that the release of CAN was suppressed by the presence of AML, 

which dissolved poorly on its own and therefore it could potentially hinder or partially block the 

release of CAN from the silica mesopores. However, it was unexpected to see a similar effect 

for HCTZ, which dissolved very well on its own and so there was no a priori reason why it 

should hinder the dissolution of CAN as seen in Fig. 3.

a)

b)
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Figure 3: Comparison of drug release from binary API combinations depending on the loading 

sequence. a) HCTZ-CAN, b) CAN-HCTZ (the first mentioned is the first loaded). For reference, 

the corresponding release curves from single-API tablets are shown as dotted lines. 

On the other hand, the release of AML, which dissolved poorly from a single API formulation, 

was enhanced by the presence of another co-loaded API. This enhancement was more 

profound in the case of HCTZ (Fig. 4) than CAN (Fig. 5) but occurred in both cases. 

Interestingly, the dissolution rate enhancement was stronger when AML was loaded as the 

second component. A possible explanation could be that AML alone interacts strongly with the 

silica surface, but when another API is already present, it occupies the available adsorption 

sites, forcing AML to assume energetically less favourable sites. Ultimately, this promotes its 

release from the mesoporous silica matrix during dissolution as seen in Fig. 4.

a) 
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b) 

Figure 4: Comparison of drug release from binary API combinations depending on the loading 

sequence. a) HCTZ-AML, b) AML-HCTZ (the first mentioned is the first loaded). For refence, 

the corresponding release curves from single-API tablets are shown as the dotted lines.

It should be noted that drug-silica and drug-drug interaction at the pore level during the loading 

process also depends on the solvent from which the API was loaded. HCTZ and AML were 

both loaded from the same solvent (methanol), which means the when the second API was 

loaded, the first one could partially re-dissolve and both APIs could then re-deposit and find 

their thermodynamically most advantageous configuration in the porous silica matrix. Also, 

they mix with each other at the molecular level thanks to the common solvent. Consequently, 

the dissolution enhancement of AML when co-loaded with HCTZ was less sensitive to the 

order in which the APIs were loaded (Fig. 4). In contrast, CAN was loaded from a different 

solvent then AML. Thus, we can hypothesise that when CAN was loaded first, it could 

preferentially occupy the available sorption sites, leaving AML in a higher-energy state and 

ultimately promoting its release (Fig. 5b). When AML was loaded first, no such dissolution rate 

promotion occurred (Fig. 5a) as AML was not solubilised by the solvent from which CAN was 

loaded.

Several learnings can be taken from the results presented above. First, single-component drug 

release from a mesoporous silica matrix is a poor predictor of drug release for co-loaded APIs. 

Out of the three investigated APIs, only one (HCTZ) more-or-less retained its dissolution 

characteristics, while the dissolution of the other two was either suppressed (CAN) or 

enhanced (AML) by the presence of another co-loaded API. Furthermore, binary interactions 

of co-loaded APIs depend not only on the APIs themselves, but also on the order in which they 

were loaded to the porous carrier, and on the solvent from which they were loaded. To ensure 
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the delivery of a defined dose of each API to the patient, these interactions must be considered 

and compensated e.g. by adjusting the quantity loaded to the carrier.

a) 

b) 

Figure 5: Comparison of drug release from binary API combinations depending on the loading 

sequence. a) AML-CAN, b) CAN-AML (the first mentioned is the first loaded). For reference, 

the corresponding release curves from single-API tablets are shown as dotted lines.

3.3 Ternary API combinations in Syloid tablets

The discussion in this section is focused on selected triple combinations; detailed dissolution 

profiles of all ternary API combinations from both types of silica carriers can be found in the 

Supplementary material (Figure S20-S23). Based on the results from binary combinations 

presented above, in theory the best performing triple combination should be CAN-HCTZ-AML, 

as AML benefits from co-loading as the second component after either CAN or HCTZ, while 
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the dissolution of CAN was least affected when loaded before HCTZ. The loaded triple 

combination CAN-HCTZ-AML (Fig. 6) exhibited a decrease of HCTZ release in comparison to 

single loading by 13 %; however, HCTZ performed better in the triple combination than in 

a double combination with AML alone. AML again benefited from co-loading with other APIs 

(5 % increase); however, this effect was not as strong as in the double combination loading. 

CAN also behaves as expected, when its performance decreases by a significant amount as 

in previous double loadings (Fig. 6).

Figure 6: The dissolution of triple combination CAN-HCTZ-AML from a Syloid tablet. The 

values by the curves denote the percentage release of the dose after 60 min; the absolute 

dose for each API is given in the legend. Full lines denote release from a triple combination 

tablet, dashed lines denote release from a single-API tablet.

To explore the potential effect of the loading order on drug release from ternary combinations, 

the percentage release of each API after 60 min was compared with the theoretically loaded 

amount and with release obtained from a single-API tablet. This comparison is shown in Fig. 7 

for three out of the six theoretically possible permutations, namely CAN-HCTZ-AML, CAN-

AML-HCTZ, and HCTZ-AML-CAN. Analogous data for tablets made with custom silica can be 

found in the Supplementary material, Figures S20-S21. As shown in Fig. 7 supposedly the 

best combination (CAN-HCTZ-AML) is indeed the best performer. As the only triple 

combination, it manifests an increase in AML dissolution, and the decreases for both HCTZ 

and CAN are smaller in comparison with other triple combinations. The switch between AML 

and HCTZ (CAN-AML-HCTZ) followed a similar trend as in the double combinations, as the 
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release of both APIs decreased significantly. The ternary combination HCTZ-AML-CAN 

resulted in a lower overall drug release in comparison to the optimal and suboptimal 

combinations, as could be expected based on the binary systems (HCTZ-AML and AML-CAN). 

In general, it can be stated that while major shifts were observed when moving from single-

API to double combinations, no similar surprises were found when moving from binary to 

ternary combinations as the shifts in this case occurred in the expected direction.

Figure 7: The dissolved quantity of tested APIs after 60 min from triple combinations in Syloid 

tablets, expressed as percentage of the loaded quantity (a), and as percentage of release 

obtained during single-API loading (b). Note that in case (b) the values can exceed 100%.
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3.4 Drug interaction scenarios

The results presented above raise a question of what the cause of reduced drug release, 

observed for co-loaded APIs, might be. The first possibility might be reduced solubility in the 

dissolution media. The original dissolution conditions were chosen to represent sink conditions 

for each API individually (cf. Section 2.5) but in theory, the APIs could decrease the solubility 

of each other when dissolved in combination. To test this hypothesis, the APIs were loaded to 

silica individually by the evaporation loading according to Soltys et. al. [48, 52]. The drug 

release from the powder was then observed for each API in a separate dissolution vessel and 

for all three powders in one common vessel. No decrease was observed in the fraction 

dissolved after 60 min from individual dissolution and from co-dissolution experiments. The full 

dissolution curves are provided in the Supplementary information (Figure S19). 

Figure 8: The XRPD of ground triple combination tablet (purple) compared to lactose (black).

The second cause might be partial crystallinity of the samples, especially when all three APIs 

are loaded at the same time. It has been shown previously [27] that repeated loading cycles 

can increase crystallinity. To test this hypothesis, XRPD was used to compare empty and triple 

loaded tablets. As shown in Fig. 8, all crystalline bands in the tablets belong to lactose. 

The third possible explanation could be degradation of the APIs. The freshly prepared tablet 

of CAN-HCTZ-AML was tested for impurities caused by drop-on-demand loading preparation. 

The results came out with a sum of impurities of 1.11 % for AML, 2.45 % for HCTZ and 9.43 % 

for CAN. The results, while worthy further attention, cannot explain the more than 50% 

reduction of drug release observed for HCTZ and more than 20-25% reduction observed for 
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CAN in some cases (Fig. 7b). Hence, the most likely explanation of reduced drug release from 

triple-API tablets compared to single-API ones appears to be synergistic co-adsorption, which 

might result in a stronger interaction between the co-loaded APIs and the silica carrier.

Without any ambition to provide a definite answer, let us postulate three hypotheses on the co-

existence of multiple APIs within the mesoporous silica carrier: (i) the pore segregation 

hypothesis, (ii) the pore blocking hypothesis, and (iii) the pore mixing hypothesis. The pore 

segregation hypothesis (Fig. 9a) is based on the idea that each API preferentially occupies 

only specific pores. In this case, the APIs should theoretically not influence each other during 

dissolution. The pore blocking hypothesis (Fig. 9b) assumes that each API can occupy any 

pore if there is space for it, but the APIs do not mix at the molecular level. When multiple APIs 

are loaded onto the silica, the APIs could overlay each other and either restrict or promote 

each other’s dissolution depending on their individual dissolution kinetics, affinity towards the 

silica surface, the order in which they were loaded and the relative quantity of each API. Finally, 

the pore mixing hypothesis assumes that each API can occupy any pore just like in the pore 

blocking hypothesis, but instead of forming segregated layers, the APIs can mix at the 

molecular level. The pore mixing hypothesis would mean that the APIs might strongly interact 

with each other and influence dissolution in a similar way as is known from co-crystals or co-

amorphous systems. Based on the dissolution data presented above, the pore blocking 

hypothesis appears to be the most likely, but a certain contribution of the pore mixing 

hypothesis cannot be completely ruled. Certainly, this phenomenon deserved further research.

a) 

b)  
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Figure 9: Schematic representation of hypothetical distribution of multiple APIs within the 

pores of a mesoporous silica carrier, corresponding to a) the pore segregation hypothesis, and 

b) the pore blocking hypothesis. Different textures represent individual APIs.

4 Conclusions

The manufacturing of “flexible dose combination” tablets containing up to three different APIs 

with adjustable drug load has been investigated. By impregnating porous placebo tablets by 

precisely metered volumes of API solutions using the drop-on-demand method followed by 

solvent evaporation, tablets with individual APIs and their binary and ternary combinations 

have been prepared. This approach potentially has the advantage of combining the speed of 

the rotary tablet press for preparing the placebo tablets with the speed and precision of liquid 

dispensing to achieve the so-called “mass customisation” manufacturing concept, i.e. the 

production of small customizable batches of drug products for specific patient groups or even 

individual patients. Placebo tablets investigated in this work contained mesoporous silica 

particles as the drug carrier, which provided a high drug loading capacity but also resulted in 

non-trivial relationship between the drug dose and the release pattern, especially in the binary 

and ternary drug combinations. The drug release patterns were found to depend on the order 

in which the individual APIs were impregnated into the tablet, suggesting drug interaction such 

as competitive adsorption or layering had occurred at the pore-scale level. These factors must 

be considered when combining multiple APIs into mesoporous drug carriers to achieve 

a predictable relationship between composition and drug release.

The “mass customisation” approach presented in the present work can offer several benefits 

to patients. Conventional therapeutics (fixed dose tablets) are typically available only at a few 

strengths, which may not suit all patients. For example, geriatric patients or patients with 

specific metabolism or gastric conditions that deviate from the population average may need 

finer titration of the therapeutic dose than what is possible with fixed dose tablets. Furthermore, 

by combining multiple drugs into a single tablet, it is possible to reduce the so called “pill 

burden”, i.e. number of dosage forms the patients must swallow. This may be particularly 

beneficial to patients with swallowing difficulties, in which case their adherence to prescribed 

medication could be improved.
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