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Abstract

Palatability and swallowability in the pediatric population are perceived as true challenges in the oral administration of medi-
cation. Pediatric patients have high sensitivity to taste and reduced ability to take solid dosage forms, which can often lead
to a poor therapeutic compliance. It is crucial to find new strategies to simplify the oral administration of drugs to children.
The present paper reports the development of a new hydrogel vehicle adapted to the pediatric population. Several polymers
with similar properties were selected and adjustments were made to obtain the desired characteristics of the final product.
The developed formulations were studied for organoleptic properties, rheology, mucoadhesion properties, preservative
efficacy, and stability. Physical and chemical compatibilities between the vehicle and several drugs/medicines, at the time
of administration, were also studied. Six final formulations with different polymers, odor, and color were chosen, and no
known interactions with medications were observed. The proposed new oral vehicles are the first sugar-free vehicle hydrogels

designed to make the intake of oral solid forms a more pleasant and safer experience for pediatric patients.
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Introduction

It is widely recognized that “children are not just small
adults.” In fact, children differ from adults in many aspects,
including pharmacokinetic profile, reduced ability to swal-
low, medicine-related toxicity, and taste preferences (1).
These young patients’ characteristics make them worst
compliers to a therapeutic regimen if this is not properly
designed for them. It has been reported that adherence to a
prescribed medication varies between 11 and 93% among
the pediatric population, resulting in a median value of 58%,
which is lower than that reported for adults. The variability
of dosage form acceptance in children is correlated to their
individual features (age, individual health status, disabilities,
and background), difficulties in the oral administration of
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medication (manipulation of medicines and taste), medica-
tion-ingestion behavior (influence of family, school, and life
situation/context), and culture (1).

Despite the reported challenges related to pediatric treat-
ment, there are not many formulations suitable for children,
which often leaves health care professionals with no alterna-
tive but to use adult medicines in an off-label or unlicensed
way. In the EU, about 45 to 60% of all medicines prescribed
to pediatric patients are off-label (2). Besides, drug com-
pounding and mixing medication with food or drinks have
also become common practices among health care profes-
sionals and caregivers. This is associated with many risks
as these products have not been properly studied in the pedi-
atric population.

Drug compounding for pediatric oral administration can
be a difficult and unsafe practice given the lack of available
data to validate stability, bioavailability, pharmacokinetics,
pharmacodynamics, dosing accuracy, tolerability, and repro-
ducibility. Mixing a pharmaceutical product with edibles
may either be intended to mask the poor palatability of the
formulation or to improve swallowing, even if the drug has
reasonable palatability. This type of co-administration can
be supported by updated guidelines (3). Small amounts of
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liquids and/or soft foods are described by the FDA-approved
product labelling as suitable vehicles for oral administration
and immediate ingestion of a specific drug product (3). Nev-
ertheless, this practice is performed without following the
appropriate procedures. The impact of the co-administered
edible on the absorption and subsequent pharmacokinetic
profile of the drug is usually unknown. If a drug-edible mix-
ture is not entirely consumed, the desired dose will not be
administered (1).

There is still a crucial need to increase the acceptabil-
ity of pediatric pharmaceutical products (especially solid
dosage forms) to patients and their caregivers to enhance
therapeutic outcomes in pediatrics. Recent improvements
like mini-/micro-tablets help overcome swallowability issues
and provide dose flexibility while also retaining the benefits
associated with conventional tablets (4, 5). This can be a
possible strategy to improve patient adherence, although it
does not address the palatibility problem of most drugs.

Patient acceptability and compliance is determined by the
characteristics of the product (aspects regarding the formu-
lation) and the end-user (different age groups) and should
be considered at an early stage in the product development
pathway rather than later in the formulation development
process. Two major aspects that influence acceptability in
pediatrics are the swallowability and the palatability of the
medicinal product (6).

The definition of swallowability is not consensual, vary-
ing from author to author, but the most used is “the patient’s
ability to take the drug without gagging or choking” (7).
Palatability is defined as the organoleptic property of a
drug product that makes it pleasant or acceptable in terms
of taste, after-taste, smell, and texture (mouthfeel). The need
to develop palatable medicines for children is also related to
the fact that many drug substances are bitter or have other
averse sensory characteristics, such as unpleasant aromas,
mouth irritation, and unpleasant appearance (8).

To minimize unnecessary manipulation of medicine it is
essential that prescribers consider all the factors related with
its acceptability and further research is needed to identify
globally acceptable and available vehicles that can be chosen
as first option for co-administration with medicines (9). An
example of this type of vehicles is a product named Gloup®
(Rushwood BV, Netherlands), a slippery gel consisting of
food-based ingredients (maltodextrin and carrageenan)
that works as a medication lubricant to make the intake of
solid dosage forms a more pleasant and safer experience
for the patient. However, Gloup® contains sucrose, which
is not acceptable for diabetics, patients on keto diets (used
in selected cases of refractory epilepsy), or for long-term
use (10).

The primary goal of this work was the development and
optimization of a hydrogel vehicle suitable to facilitate
the oral administration of solid dosage forms to pediatric
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patients in hospitals and pharmacies, since such a product
is not yet available on the market. The aim was to obtain a
cost-effective product, easy to manipulate, while targeting
the specific needs of the pediatric population. This vehicle
should ease the immediate ingestion of oral dosage forms,
without the need to split tablets or open capsules. It is impor-
tant to highlight that is not meant to be a extemporaneous
formulation, but rather a ready-to-use product.

Several polymers were tested and evaluated concerning
rheological (viscosity, oscillatory, adhesion) and mucoadhe-
sion properties, stability in acidic medium, and preservative
efficacy. The selected formulations were then subjected to
stability and compatibility studies.

MATERIALS AND METHODS
Materials

The following excipients were used in formulation studies:
purified water was obtained by reverse osmosis and electro-
deionization (Millipore, Elix 3), and filtered (pore 0.22 pm)
before use; sodium carboxymethylcellulose (CMC) and
methylcellulose (MC) 1500 were a gift from Fagron (Spain);
Natrosol®—hydroxyethylcellulose (HEC) was obtained
from Aqualon (Spain); xanthan gum (XG) and gelatin (G)
were obtained from Disproquima (Portugal); hyaluronic acid
(HA) 1.8-2.2 Eyed™ was a gift from Inquiaroma (Spain);
sodium methylparaben, sodium propylparaben, and sodium
citrate were obtained from Fagron (Spain); sucralose and cit-
ric acid monohydrate (granulate) were obtained from A.M.S.
Cruz Laboratory (Portugal); and mint and strawberry flavor
and colorants CI 61,570 and CI 16,255 were obtained from
DS Produtos Quimicos (Portugal). The product Gloup®
was purchased from Rushwood BV (Netherlands). For the
mucoadhesive studies, dried mucin from porcine stomach
type II was used (Sigma-Aldrich, USA). For the compat-
ibility studies, acetazolamide, arginine hydrochloride, biotin,
hydrochlorothiazide, hydrochlorothiazide + amiloride, and
riboflavin were a gift from Fagron (Spain); calcium carbon-
ate was obtained from Labesfal (Portugal); captopril was
from Generis (Portugal); clindamycin was a gift from Pfizer
(New York, USA); diazepam, hydrocortisone, and predniso-
lone tablets were obtained from Ratiopharm (Germany); and
glycine was purchased from Acofarma (Spain).

Development of Hydrogel Formulations
Pre-formulation Study
To select the polymers suitable for hydrogel preparation,

several formulations were prepared at room temperature by
dispersing the polymer in an aqueous solution containing
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0.18% (w/w) sodium methylparaben, 0.02% (w/w) sodium
propylparaben, 0.5% (w/w) sucralose, 0.05% (w/w) citric
acid, and 0.5% (w/w) sodium citrate, with magnetic stir-
ring. A total of 15 formulations were prepared using several
polymers at different concentrations, as presented in Table I.
In the case of gelatin, the polymer had to be heated to 70 °C
before adding to the mixture with the other components.

After production, hydrogels were packaged in 30-g alu-
minum tubes with an inner epoxy coating. All compounding
operations for hydrogels were carried out according to the
PIC/S Guide to good practices for the preparation of medici-
nal products in healthcare establishments (11).

Characterization of Hydrogel Formulations

The macroscopic features of each hydrogel were assessed
by visual observation for texture, appearance, and color.
The pH was determined using a digital pH-meter with a
glass electrode (SevenEasy™ by Mettler Toledo) and it was
ensured that the pH of the gel was within the desired range
(pH 5.5-7.0). Whenever needed, pH adjustments were made
using a citric acid solution 50% (w/v).

Rheological Characterization

The rheological studies were conducted in a controlled stress
Kinexus Lab + Rheometer (Malvern Instruments, Worces-
tershire, UK), at 25 °C. Formulations were characterized
using (i) viscosity testing; (ii) oscillation testing; and (iii)
tackiness and adhesion testing. Viscosity and oscillation
were assessed using a cone-plate geometry (truncate angle
4° and radius of 40 mm). The range of shear rate varied
from 0.1 to 100 s™! for viscosity measurements. Oscillation
frequency of hydrogels was determined using frequencies
ranging from 0.1 to 10 Hz. The shear strain was 3.6%. For
evaluation of tackiness and adhesion, a pull away test using
a plate-plate geometry was performed. Parameters used were
0.1 mm/s for gapping speed, 5 mm for final gap and 0.2 mm
for working gap. Testing was performed in three replicates
of the same hydrogel.

Tablel Percentage of Polymer Used in Each Formulation

The results obtained in the assays described in the sec-
tions “Characterization of Hydrogel Formulations” and
“Rheological Characterization” were used to select two final
hydrogel formulations with the desired product profile, to
develop final formulations supplemented with flavor and
color.

Osmolality Measurement

The osmolality of the final vehicles was determined using an
osmometer (OSMOMAT 030, GONOTEC) and expressed
in mOsm/kg units. The measuring technique was based
on the determination of the freezing point depression.
The instrument was calibrated using a standard solution
of 1500 mOsm/kg and distilled water for 0 mOsm/kg. All
measurements were performed in triplicate, and the probe
was carefully washed with distilled water in-between
measurements.

Flavor and Color Assessment

This study was based on a survey conducted in several pre-
schools and schools, to be answered by young children,
according to their preferences in terms of taste and color,
after the visualization of a panel (Fig. S1) presenting flavor-
remembering images (“images of flavor”) and a panel of
colors, respectively. For the questionary, a verbal consent
from each caregiver was previously required. The specific
inclusion criteria defined in the protocol were the following
ones: (i) age — under 12 years old and (ii) gender — female
or male. Individuals with associated physical or mental
health problems/diseases that could affect the reliability of
the sensory questionnaire were excluded.

The aim of the survey was to further identify which fla-
vors and colors were most appealing to children from differ-
ent age groups. The collected information was essential to
make a more thoughtful decision about the sensorial aspects
of the formulation throughout its development and to select
the flavor and color to use in the vehicle.

A total of 157 volunteers completed the survey and pro-
vided demographic information about their age and gender.

Formulation

Polymer (%, w/w) F1 F2 F3 F4 F5

F6 F7 F8 F9 F10 F11 FI12 F13 Fl14 F15

Sodium Carboxymethylcellulose 1.5 2.0

Methylcellulose 1.5 20
Hidroxyethylcellulose 1.5
Xanthan gum

Gelatin

Hyaluronic acid

2.0

25 15 10
1.5 20 30 50 10.0
1.5
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Children were instructed to choose only one option in each
question and no further information was requested.

Effect of Gastrointestinal Tract Conditions

Formulations were tested for viscosity, oscillation, and adhe-
sion using the Kinexus Lab + Rheometer (Malvern Instru-
ments, Worcestershire, UK), as described in the “Rheologi-
cal Characterization” section. The shear strain used for the
oscillation frequency test was 1.1%. The commercial formu-
lation Gloup® was used as a control.

Mucoadhesion Test

The mucoadhesive profile of the different polymers was
evaluated using a rheological method that includes the three
rheological tests described before. Through the changes in
the rheological behavior of each formulation it was possible
to evaluate the presence of mucoadhesion interactions. For
this purpose, mucin (M) was hydrated with water by gentle
stirring until complete dissolution to yield a dispersion of
4% (w/w) at 25 °C, and artificial saliva (S) was prepared
according to a previous published work (12). Each formula-
tion was mixed with mucin (1:1), artificial saliva (1:1), and
both (1:0.5:0.5). The mucin and artificial saliva alone, plus
a sample containing the combination of the two (1:1), were
also submitted to testing.

Impact of Acidic pH on the Formulations

To predict the behavior of hydrogels in gastric medium,
formulations were mixed with artificial gastric fluid (AGF)
(pH=2) in the proportion of 1:1. This fluid was prepared
using 0.2% (w/v) sodium chloride, 0.7% (w/v) hydrochloric
acid, and purified water as solvent (13).

Efficacy of Antimicrobial Preservation

The efficacy of antimicrobial preservation was carried out
according to the European Pharmacopoeia (Ph. Eur.) 10th
Edition, 5.1.3. Efficacy of antimicrobial preservation (14).
Antimicrobial activity was measured through the log reduc-
tion of the colony-forming units (cfu) by enumeration at time
zero and then monitoring the viable microorganisms at days
14 and 28, applying the criteria for oral preparations.

Stability of Final Formulations

The final hydrogel formulations were packaged in alu-
minum tubes and submitted to long-term stability test-
ing at 25+2 °C/60 + 5% relative humidity (RH), and
4042 °C/75+5% RH (15). Samples were collected and
analyzed at days 0, 14, 28, 60, 90, and 180. Organoleptic
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characteristics, pH, and rheological parameters were evalu-
ated. Microbiological testing was also performed at days
0, 28, 90, and 180, according to the Ph. Eur. 10th Edition,
5.1.4. Microbiological quality of non-sterile products for
pharmaceutical use (12).

Compatibility Studies

To evaluate possible interactions between the vehicle and the
active substances/medicines at the time of administration,
the hydrogels were subjected to viscosity testing and pH
determination. Each test was performed using the previously
mentioned conditions.

A total of 13 active pharmaceutical ingredients (APIs)
were selected, among the most frequently used medicines
in the Pediatric Services, Hospital de Santa Maria, Lisbon,
Portugal: acetazolamide, arginine hydrochloride, biotin,
calcium carbonate, captopril, clindamycin, diazepam, food
supplement, glycine, hydrochlorothiazide, hydrochlorothi-
azide + amiloride, hydrocortisone, prednisolone tablets, and
riboflavin. All APIs were tested in powder form, except for
prednisolone which was only available as tablets. This study
evaluated the interaction of the vehicle with different solid
dosage forms and also tested common medicines used for
pediatric patients.

Statistical Analysis

Data were expressed as mean and standard deviation
(mean + SD) of separate experiments. Statistical evaluation
of data was performed using a Chi-square test. Differences
were considered to be significant when p <0.05.

RESULTS AND DISCUSSION
Formulation Development

The first aim of the work is to develop an odorless, colorless,
translucent, and homogeneous hydrogel, with a suitable pH
for oral intake and appropriate viscosity to ease swallowa-
bility. For formulation development, the marketed product
Gloup® was used as a reference, and a series of protein and
polysaccharide polymers with similar properties were tested
(Table I). The effect of the different polymers, in different
concentrations, on formulation stability and organoleptic
features was evaluated by trial and error method. Also, the
compatibility of the selected polymers with the excipients
was evaluated by pre-formulation studies, as described in
previous reports (16).

The developed formulations F1-F15 were evaluated in
terms of organoleptic and rheological features to select the
ideal proportion of the different polymers in each hydrogel.



AAPS PharmSciTech (2022) 23:107

Page50f13 107

Macroscopically, all the formulations presented appropri-
ate characteristics. The behavior of viscosity as a function
of shear rate showed that all polymers behaved as shear
thinning (non-Newtonian) fluids, given that their viscosity
decreased as the shear rate applied increased (Fig. 1). This
means that the long-chain molecules of these polymers tend
to momentarily orient themselves in the direction of flow.
The diminished viscosity translates into a more liquid state
of the formulation that will ease the homogenization of sus-
pended particles, allowing a more precise dosing and also
increasing the vehicle’s swallowability. From the sensory
evaluation standpoint, polymers showing this type of behav-
ior tend to cause less sensation on the buds in the mouth than
those with Newtonian behavior (13). Taken together, these
results, combined with the macroscopic evaluation, suggest
that formulations F2 (2.0% CMC) and F9 (1.0% XG) were
the most similar to the reference. In contrast, formulations
with high amounts of gelatin, F13 (5.0% G) and F14 (10.0%
G), showed the least similarity to the reference.

It was also observed that the shear thinning behavior of
XG formulations (F7, F8, and F9) was more pronounced
than that of other polysaccharide systems, due to its unique
rod-like conformation that makes this polymer more respon-
sive to shear (14). In comparison, Gloup® is mainly com-
posed of maltodextrin and carrageenan. At low concentra-
tions, carrageenan water gels have thixotropic rheological
properties, justifying the non-Newtonian behavior of the
reference product (15). However, XG still has a greater shear
thinning ability due to its structure.

Concerning the oscillation frequency test (Fig. 2), both
Gloup® and formulation F9 exhibited predominantly elastic
behavior, evident from the greater magnitude of the elastic
module (G") compared to that of the viscous module (G").
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Fig.2 Frequency sweep test for Gloup® and formulations F2 and F9

This means that the structure of the gel remained intact
through the entire range of frequencies, confirming that
the two hydrogels present a strong network and a solid-like
behavior (G'> G"). For formulation F2, at lower frequencies
G" was higher, but at the highest frequencies a transition
was observed, and G’ became higher than G”. Under these
experimental conditions, F2 behaved like a shear thickener.

Finally, the tack and pull away test pointed that the
hydrogels containing XG had more adhesive properties,
as observed by the obtained high values of the area under
the curve (Table II), which represent the adhesive/cohesive
strength of the material (17).

Considering the results obtained from rheological char-
acterization, hydrogels F2 and F9 were selected for further
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Table Il Adhesive Properties of Gloup® and Formulations F2 and F9,
Determined by the Parameters: Area Under Force Time Curve (N.s)
and Peak of Normal Force (N) (Mean =+ SD, n=23)

Formulation Area under force time Peak of normal force (N)

curve (N.s)
Gloup® 1.27+0.20 —-0.37+0.01
F2 1.47+0.08 —0.88+0.02
F9 2.91+0.06 —-0.23+0.02

studies. From here on these formulations will be named as
formulation F1-CMC and F1-XG, respectively.

Selection of the Flavor and the Coloring Agents

To select the flavor and the coloring agents to be used in the
final formulations, a non-invasive survey was performed.
Participants in this study were aged between 2 and 12 years
old, with a mean age of 7 + 2.6 years. Regarding the gender
of the children, 50.3% were female and 49.7% were male.
Results from the survey showed an overall stronger liking
for sweet flavors. Most volunteers chose strawberry (27.4%)
as their favorite flavor, followed by vanilla (22.3%) and cara-
mel (12.7%). Grape (11.5%), banana (10.8%), mint (10.2%),
and orange (5.1%) were the least favored. This finding was
statistically significant (p < 0.05). However, there was a con-
cern about these flavors not being strong enough to mask
some of the active substance’s unpleasant and intense taste.
Mint, although only selected by a small percentage of
the volunteers, could possibly mask the more bitter drugs
due to its metallic basic taste. In fact, the use of mint is
frequently mentioned as an effective strategy to improve the
palatability of multiple medicines (16, 18). As strawberry
and vanilla have a similar sweet taste, there would be no sig-
nificant difference between the two developed hydrogels or
their action on masking different API flavors. It is expected

that the distinct taste of the two final hydrogels will allow
the disguise of a wider spectrum of drugs.

Regarding color, red (29.3%) and pink (26.8%) were the
most selected by children. Blue (14.7%) was also chosen as
one of the favorite colors. Less children chose brown (8.3%),
green (7.6%), orange (7.0%), and yellow (6.4%). This finding
was statistically significant (p < 0.05). Thus, it was decided
that one of the formulations would present a strawberry fla-
vor coupled with a pink color. As a blue color would give
the vehicle an artificial aspect, it was altered into light green,
and coupled with the mint flavor.

This assay also showed an influence of gender in the
selection of both color and flavor options, although this
effect was more pronounced in the color panel. The major-
ity of volunteers that chose pink were girls (66.7%), while
most of the votes favoring the color green came from boys
(83.3%).

Based on these results, two coloring agents (CI 61,570
— green, and CI 16,255 — red) and two flavors (mint
and strawberry) were added to formulations F1-CMC and
F1-XG. As stated, green CI 61,570 was combined with
mint flavor (formulations F2-CMC and F2-XG), and red
CI 16,255 was combined with strawberry flavor (formula-
tions F3-CMC and F3-XG). The detailed qualitative and
quantitative composition of each formulation is presented
in Table III.

In this work, the carbohydrate sweetener was replaced by
sucralose obtaining a sugar free vehicle for children, since
it is a safer non-caloric sweetener. Also it is suitable for
patients in a ketogenic diet (19). In addition, lower concen-
trations are needed to obtain an equal pleasant flavor, given
that sucralose is approximately 600 times sweeter than sugar
(20, 21). Other excipients present in the formulation ensured
the electrolytic stability (citric acid and sodium citrate) and
antimicrobial preservation (sodium methyl and propylpara-
ben) of the developed formulations (22).

Table lll Composition of CMC

- ; Excipients (%) Formulation
and XG Final Formulations

FI-CMC FI-XG F2-CMC F2-XG F3-CMC F3-XG
Sodium carboxymethylcellulose 2.00 - 2.00 - 2.00 1.00
Xanthan gum 1.00 - 1.00 - -
Sodium methylparaben 0.18 0.18 0.18 0.18 0.18 0.18
Sodium propylparaben 0.02 0.02 0.02 0.02 0.02 0.02
Sucralose 0.50 0.50 0.50 0.50 0.50 0.50
Citric acid 0.05 0.05 0.05 0.05 0.05 0.05
Sodium citrate 0.50 0.50 0.50 0.50 0.50 0.50
Mint flavor - - 0.20 0.20 - -
Strawberry flavor - - - - 0.50 0.50
CI 61,570 - - 0.01 0.01 - -
CI 16,255 - - - - 0.01 0.01
Purified water gs 100 gs 100 gs 100 gs 100 gs 100 gs 100
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Regarding pH, the range values suitable for an oral intake
is 5 to 8 (23). The pH of the developed formulations were
within this range. Most hydrogels had pH values between
5 and 7. Further testing was performed to ensure stability
throughout time.

In terms of viscosity, the target values were chosen based
on a macroscopic evaluation and rheological testing, suitable
for facilitating the swallowability of co-administrated drugs.

Finally, according to the American Academy of Pedi-
atrics, oral formulas for healthy infants (from birth to
12 months of age) should have concentrations no greater
than 400 mOsm/kg (24). It has been shown that hypertonic
solutions have a negative impact on the intestinal mucosa of
infants and can lead to several complications at an early age
(25). The vehicle’s osmolality is low (100-200 mOsm/kg)
in order to prevent such adverse events, thus making it suit-
able to being used for younger patients within the pediatric
population.

Characterization of Final Formulations

The macroscopic appearance of the final formulations is
presented in Table IV.

Effect of Gastrointestinal Tract Conditions

To predict the vehicle’s behavior after oral ingestion, rheo-
logical tests were performed. The mucoadhesion test aimed
at mimicking adhesion in the oral cavity, whereas the gastric
stability test focused on determining the influence of acidic
pH. Ultimately, these results allow to foresee if the hydrogel

Table IV Macroscopic Appearance of the Final Formulations

provides a safe co-administration with drugs without affect-
ing its bioavailability.

Mucoadhesion was performed for Gloup® and the two
final formulations (F1-CMC and F1-XG), in a simulated
physiological environment using mucin and artificial saliva
at 1:1 proportion. This method included three rheological
tests — viscosity, oscillation frequency, and tackiness. The
behavior of the hydrogels was determined by comparing the
rheological properties of formulation-mucin and formula-
tion-artificial saliva mixtures with those of the formulations
separately.

All vehicles exhibited a higher viscosity in the mixtures,
showing rheological synergism (Fig. 3A). According to Has-
san and Gallo, the synergism is attributable to physical chain
entanglements and non-covalent bonds (hydrogen, Van der
Waals, etc.) between polymer and mucin chains (26, 27).
For each formulation the rheological synergism decreases
with increasing shear rate, suggesting that, at low shear rate,
the disentanglements and disruption of the sample are less
dramatic. The formulation more affected by the presence of
mucin and/or artificial saliva was F1-CMC, suggesting that,
after oral administration, CMC is likely to form stronger
bonds with mucus than XG.

The results of the oscillation test (Fig. 3B) confirmed
what was previously stated. When mixed with mucin and/or
artificial saliva, the hydrogels achieve higher values of the
elastic module (G’). The increase of G’ is presumably due
not to the contribution of mucin or artificial saliva, whose
viscoelastic properties are in fact not detectable at the con-
centration used, but to the formation of a gel-like struc-
ture based on polymer-mucin/artificial saliva interactions.

Green coloring agent

No coloring agent + No flavor

Mint flavor

Red coloring agent
+ +

Strawberry flavor

\o - "
?\l P
(@)
=
O
Formulation F2-CMC Formulation F3-CMC
R . :
5 -
X

Formulation F1-XG

Formulation F2-XG

Formulation F3-XG

@ Springer



107 Page 8 of 13 AAPS PharmSciTech (2022) 23:107
a) b)
100 100
®Gloup:H20  EGloup:M A Gloup:S @ Gloup:H20 O Gloup:AGF
#GloupM:S  OCMCH20  ©OCMCM BCMCH20 O CMCAGE
ACMC:S © CMC:M:S XG:H20
XEih e XGM:S 10 A A AXG:H20 A XG:AGF
10 ] ™ a
- v 5 G a
& A ! S g ! © ° o n z n
Z1 ¢ @© E ‘ 2z ® o o °© o s "™
EEREERRE SR
g 0 8 8 o go e 3
> o] N >
01 ¢ o 8 OO 0O o o g
0.01 u]
a
0.01 0.001
0.1 1 10 100 0.1 10 100
Shear rate (s%) Shear rate (s7)
a) b)
100 100
@ Gloup:H20G'  OGloup:H20 G" ®Gloup:H20 G' O Gloup:H20 G"
B Gloup:M G' OGloup:M G" ' "
3 Gl :AGF G
A Gloup:SG' A Gloup:SG" BGloup:AGF G DGloup
10
|
10 m B — n N E
. §§§§§g oonBB28s
= g a
- 11} ¢ lgouuoiigges¥ieey
E | . 2 " co0ges®
& . ¢ 0% g e
- o V) [} (o] [ ]
o 1 o L4 [ ] L
o ® 01 o @
[
[ ]
0.1 0.01
0.1 1 10 0.1 1 10
Frequency (Hz) Frequency (Hz)
c) d)
100 - - 100
:gmg&zgﬁ ggmg”Mzg”G ®CMCH20G'  OCMCH20G"
R A QMCsS G o BCMCAGFG'  OCMCAGF G" o
10 |ecmemsE ©CMCM:S G” i ; g ¢S go© o
7 5 8 E g ¥ ®- o gs8s
& aaaaugs ee°®°® =103 o0
° A ® °
s a8l e 5 01 got .
© AL g © oB m
A ° g o
0.1 L) L [m] o
o017 O "R .
a® ]
| |
0.01 o001 LW u
0.1 1 10 0.1 1 10
Frequency (Hz) Frequency (Hz)
e) f)
100
®XGH20G' OXG:H20G" WXG:MG' 100 | exeH206 oxGH20G"
OXGMG"  AXGSG' AXG:SG" W XG:AGF G' DOXG:AGFG"
#XGM:SG'  OXG:M:SG"
0 geddt
T gmnl !l""l g aanaannta
- eeee gggggg - aannnant
© © o
° ] o0 o
3888888888 %IQQUDDDDDDDD
o, o
0.1 0.1
0.1 1 10 0.1 1 10

@ Springer

Frequency (Hz)

Frequency (Hz)



AAPS PharmSciTech (2022) 23:107

Page90of13 107

«Fig. 3 Rheological behavior of formulations F1-CMC and F1-XG in
conditions simulating the gastrointestinal tract, in comparison with
the reference formulation (Gloup®). A Viscosity vs shear rate for
Gloup® and formulations F1-CMC and F1-XG: a mixed with mucin
(M) and artificial saliva (S) and b mixed with artificial gastric fluid
(AGF).B Frequency sweep test results of Gloup® (a and b), F1-CMC
(c and d), and F1-XG (e and f) under the influence of mucin and arti-
ficial saliva and/or artificial gastric fluid

Ultimately, this phenomenon translates as a positive interac-
tion caused by mucoadhesion (27, 28).

Regarding the results of the adhesion test, it was observed
that XG was more adhesive than CMC because it has higher
values of the area under force time (data not shown). How-
ever, the results obtained with the formulation alone and in
the mixtures are very similar. CMC, despite showing less
adhesive strength, was more affected by the presence of
mucin and artificial saliva.

The determination of normalized rheological synergism
parameters allowed the prediction of the in vivo performance
of the hydrogels. Both Gloup® and F1-CMC showed a
greater ability to form bonds with the mucin and the arti-
ficial saliva, meaning that they will remain longer in the
oral cavity at the time of administration. On the other hand,
F1-XG was not affected by mucin or saliva, which can be an
advantage for the oral intake of the vehicle.

To predict the vehicle’s behavior when reaching the
gastrointestinal tract, a series of rheological tests were per-
formed — viscosity, oscillation frequency, and adhesion.
Formulations were mixed with a simulated gastric fluid
(pH=2), at 1:1 proportion. From the obtained results it was
possible to infer variations in the hydrogel’s structure under
low pH conditions. Formulation F1-CMC was the most
affected by the acidic environment (Fig. 3A). It was reported
that for pH values below the pKa of CMC (x4.4), there is
a decrease in viscosity due to a lower density of negative
charges in the molecule (29). This data is consistent with
the results gathered from the frequency sweep test (Fig. 3B),
where the elastic module suffers a significant decrease. Also,
G" was higher than G’ throughout the entire range of fre-
quencies, indicating a disruption of the hydrogel’s network.
Lastly, the adhesion test showed a weak association between
particles with a decline in area under force time values.
Gloup® and formulation F1-XG were not as affected by
the pH conditions. The results obtained for XG were unex-
pected, given that multiple sources describe a decreased vis-
coelasticity of this polymer with acidic pH. This is due to
the protonation of the anionic carboxylic groups of xanthan
chains under acidic conditions, which become uncharged
and partially flexible, resulting in a less viscous structure
(30). However, the results obtained in this work did not show
pH-related changes in XG rheological proprieties.

Despite showing more pronounced mucoadhesive proper-
ties, the CMC hydrogel shows a significant loss of structure

due to the acidic pH found in the stomach. On the other
hand, the XG hydrogel displayed a poor mucoadhesive
behavior and is known to be very responsive to shear. So,
although it was not affected by the acid medium, its accen-
tuated shear-thinning character can be advantageous if we
consider the peristaltic movements that occur during the
digestion process. Taken together, the results suggest that
none of the vehicles represent a challenge for the release of
co-administered drugs in the gastrointestinal tract and prob-
ably will not affect their bioavailability.

Efficacy of Antimicrobial Preservation

There was no observable increase in the number of viable
microorganisms between days 14 and 28; thus, the recom-
mended efficacy of antimicrobial preservatives was achieved
in both formulations, providing adequate protection against
microbial contamination.

Stability of Final Formulations

Stability testing included all quantifiable parameters that
could possibly change during storage, such as appearance,
pH, and viscosity. Throughout the study, visual inspection of
the vehicles showed no significant changes in their organo-
leptic properties.

The obtained results show that temperature did not have
a critical effect on hydrogels containing CMC. However, it
was possible to observe a small decrease of viscosity after
90 and 180 days at 40 °C for all formulations (F1-CMC,
F2-CMC, and F3-CMC) (Fig. 4A). The decrease in viscos-
ity with temperature is well known for this polymer and is
usually explained by an increase in thermal activity of mol-
ecules causing an increase in molecule free volume and,
simultaneously, a decrease in intermolecular and/or intramo-
lecular interactions (30). This effect is often reversible and
only long periods of heating at high temperatures (> 100 °C)
will degrade the polymer and permanently reduce viscosity
3.

Formulations containing XG, stored at 40 °C, showed
several inconsistencies regarding viscosity and pH values
(Fig. 4). This could be explained by the fact that under
high temperatures (>36 °C) the xanthan chains assume a
coil conformation; thus, the negative charges are far more
exposed and the molecule becomes more sensible to envi-
ronmental changes (29).

Regarding pH, the formulations must be suitable for
oral administration, with stable pH values in the range of
5.5-7.0. At day 180, the pH of formulation F1-CMC was
outside of this range (Fig. 4B). Thus, this vehicle must
be further evaluated for chemical stability, to determine
the cause for the pH increase.
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Fig.4 Evaluation of viscosity
and pH of the final hydrogels
during stability studies. A
Apparent viscosity at 0.1 s~
for formulations: a F1-CMC,
F2-CMC, and F3-CMC and b
F1-XG, F2-XG, and F3-XG.
B pH values of formulations:
a F1-CMC, F2-CMC, and
F3-CMC and b F1-XG, F2-XG,
and F3-XG
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a) 90
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C) WF3-CMC @F3-XG
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Fig.5 Viscosity (at 0.1 s7!) and pH determination of the final
hydrogels combined with drugs or medicines. A Apparent viscosity
for formulations: a F1-CMC vs F1-XG, b F2-CMC vs F2-XG, and

Concerning microbiological stability, all six formulations,
regardless of the storage conditions and the time points of
evaluation, showed no microbial growth, including a total
absence of Escherichia coli.

Overall, stability data suggest that CMC-based and XG-
based hydrogels are stable at long-term conditions, for at
least 180 days. In terms of storage conditions, hydrogels
containing CMC 2% were stable for 3 months whereas vehi-
cles with XG 1% maintained their stability for a period of
6 months, when stored at room temperature.

Compatibility Studies
The final formulations were mixed with several active

substances (API) and submitted to viscosity testing
(using the same parameters described previously) and pH

a) WF1-CMC BF1-XG

WF2-CMC BF2-XG

WF3-CMC BF3-XG

¢ F3-CMC vs F3-XG. B pH values of formulations: a F1-CMC vs
F1-XG, b F2-CMC vs F2-XG, and ¢ F3-CMC vs F3-XG

determination. The obtained results were directly compared
with the placebo allowing the determination of possible
interactions between the hydrogel vehicle and the drugs or
medicines (Fig. 5). Most APIs were used as raw materials,
arginine hydrochloride and glycine were used as paper pow-
der, and prednisolone as tablets.

The majority of the hydrogels did not show substantial
changes in pH, viscosity, odor, or physical appearance in
the period during which the vehicle with drug/medicine was
evaluated (approximately 5 min). A slight pH decrease was
observed for all formulations with captopril and an expected
increase was observed upon addition of calcium carbonate.
Importantly, it was possible to obtain a homogenous hydro-
gel for calcium carbonate using these vehicles, despite its
poor solubility in water. It was also observed that some med-
icines changed the macroscopic appearance of the hydrogels
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(Figs. S2 and S3), such as riboflavin that has a strong and
characteristic orange color.

In summary, these vehicles provided satisfactorily safe
and stable hydrogels to oral administration of several drugs
in pediatrics. Also, the used excipients are frequently used
in drug development and have a lower risk of interacting
with the drugs, and no relevant incompatibilities have been
reported (22).

CONCLUSIONS

Appropriate vehicles are a possible solution to overcome
many difficulties in the oral administration of solid dosage
forms to children. In the present work, the developed hydro-
gels had appealing features like sweet flavor and odor, color-
ful appearance, and improved swallowability.

In this work, stable, sugar-free vehicles were developed
and characterized. The preparation method has proved sim-
ple and workable in the daily practice of medicine prepara-
tion handled in Hospital Pharmacies and suitable for the
intended purpose. The vehicles did not show substantial
interaction with the tested active substances. The vehicles
composed of sodium carboxymethylcellulose were stable for
3 months, while the hydrogels containing xanthan gum were
stable for 6 months, when stored at room temperature.

Thus, these vehicles appear to be a viable option to
enhance drug administration and compliance in pediatrics.
However, a clinical evaluation is always required.
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