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Abstract: Measuring the viscosity of pharmaceutical dosage forms is a crucial process. Viscosity
provides information about the stability of the composition, the release rate of the drug, bioavailability,
and, in the case of injectable drug formulations, even the force required for injection. However,
measuring viscosity is a complex task with numerous challenges, especially for non-Newtonian
materials, which include most pharmaceutical formulations, such as gels. Selecting the appropriate
shear rate is critical. Since viscosity in many systems is highly temperature-dependent, stable
temperature control is necessary during the measurement. Using microfluidics technology, it is
now possible to perform rheological characterization and conduct fast and accurate measurements.
Small sample volumes (even below 500 µL) are required, and viscosity determination can be carried
out over a wide range of shear rates. Nevertheless, the pharmaceutical application of viscometers
operating on the principle of microfluidics is not yet widespread. In our work, we compare the results
of measurements taken with a microfluidic chip-based viscometer on different pharmaceutical forms
(gels, solution) with those obtained using a traditional rotational viscometer, evaluating the relative
advantages and disadvantages of the different methods. The microfluidics-based method enables
time- and sample-efficient viscosity analysis of the examined pharmaceutical forms.

Keywords: microfluidics; viscosity measurements; hydrogel; dosage forms; oral gel; vaginal gel;
topical gel; carbomer gel; cellulose gel; carrageenan gel

1. Introduction

Knowledge of the rheology of pharmaceutical dosage forms is extremely important
during drug development, as it provides essential information about the stability of the
dosage form, the release rate of the active pharmaceutical ingredient (API), bioavailability,
and applicability [1,2]. In the case of injectable drug delivery systems (such as in situ form-
ing gels as implants and injections), viscosity determines the force required for injection,
which significantly affects the application process [3,4]. Under the influence of force, the
behavior of liquids can vary greatly from each other. For Newtonian fluids, the relationship
between shear stress and shear rate is linear, meaning that viscosity remains constant at
any shear rate. For non-Newtonian fluids, the viscosity can change with the shear rates.
This change can manifest as shear thickening or shear thinning, or the exhibition of mixed
behavior across different shear rate ranges [5–7]. Furthermore, materials can exhibit vis-
coelastic behavior, possessing the ability to switch from a viscous to an elastic character
and back [8]. Measuring viscosity can present numerous challenges, especially for non-
Newtonian materials, which include most pharmaceutical formulations (gels, creams, etc.).
Additionally, viscosity in many systems (including nano- and microsized preparations and
gels) is highly temperature-dependent, necessitating precise temperature control during
measurements [9]. Traditional viscosimeters may require large sample volumes, which can
be impractical and expensive [10]. Among these traditional viscosimeters are rotational
viscosimeters, which measure the torque required to rotate the geometry in the sample.
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They can be used to measure the viscosity of less viscous materials (e.g., mucilage, some
gels) and more viscous materials (e.g., gels, creams, ointments), but only in a low shear
range [11]. Oscillatory viscosimeters deform the sample using an oscillatory motion and
measure the viscosity and elasticity from the sample’s response. They can provide more
accurate results at lower shear rates for higher-viscosity samples, but despite this, both the
viscosity and shear measurement ranges are wide [12]. Capillary viscosimeters measure
the flow of a liquid under pressure through a narrow capillary and calculate the viscosity
from this flow. They are suitable for measuring low-viscosity samples (solution, some gels)
across a very wide shear range, even up to 106 s−1 [13,14].

The wide range of fluid behaviors and shear conditions has necessitated the devel-
opment of new experimental devices and methods for studying rheological properties.
These devices can be grouped into macro- and microscale rheometers [15]. The most used
are the previously mentioned macroscale rotational rheometers. However, studying the
rheological behavior of some complex fluids with macrorheometry can be a complex and
difficult task due to the technical limitations, which can significantly reduce the accuracy
of the results. Other disadvantages of macrorheometry include the use of large sample
volumes and the potential for liquid evaporation during the measurement process [1,16].
The latest developments in microfluidic technology offer promising solutions to these
challenges [17]. FluidicamTM RHEO (Figure 1B,C) is a revolutionary device in the field of
microfluidics-based viscosity measurements. The device combines microfluidic principles
with optical detection, allowing for the rapid and precise determination of fluid viscosity
during flow. The device is widely applicable not only in the pharmaceutical industry but
also in the food, cosmetics, biotechnology, and material sciences [18]. The operation of
the microfluidic viscosimeter is based on two syringes positioned before the microfluidic
chip. These syringes are capable of generating mechanical displacement ranging from
0.5 µm/min to 30.0 mm/min, corresponding to flow rates from 1 µL/min to 4900 µL/min.
One syringe contains the test sample, while the other holds the reference solution. The
viscosity of the reference solution must be known very precisely at different temperatures
to ensure accurate measurement evaluation. Ready-to-use references with known viscosity
are available, but they can also be prepared in a laboratory. The color of the reference
sample must differ from the measured sample so that the camera can recognize them. If
using a laboratory-made reference sample, its viscosity needs to be measured beforehand
at various temperatures using another viscosimeter. The two syringes push the reference
and the sample through a Y-shaped channel from opposite sides, with dimensions of
2.2 mm × 50 µm or 150 µm. Different-diameter chips are interchangeable depending on
the physical properties of the sample (Figure 1C). In addition, both plastic and glass chips
are available, which should also be selected based on the sample’s physical properties
(e.g., for low-viscosity solutions, or some gels, the smaller microchip is needed; for more
viscous preparations and for aqueous dispersions, the bigger one is needed; and for oil-
containing preparations, the glass microchip should be used). In the chip with a 150 µm
gap, a shear rate range of 100–20,000 s−1 can be achieved, while in the smaller chip with a
50 µm gap, a higher shear rate range of 1000–180,000 s−1 is attainable. Before the sample
and the reference solution enter the microfluidic chip, they pass through a 100 µL heat
exchanger chamber, which immediately ensures temperature control. Then, the two fluids
enter the Y channel arms simultaneously and meet in laminar flow inside the channel.
A high-resolution camera placed above the chip (capable of capturing 25–35 frames per
second, depending on the computer’s performance) detects the surface positioning, which
correlates with the viscosity of the fluids. This enables the plotting of the viscosity profile
as a function of the fluid flows and speed [19].



Gels 2024, 10, 464 3 of 14

Gels 2024, 10, 464  3  of  14 
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Figure 1. (A) Possibilities for determining viscosity. (B) Schematic drawing of the FluidicamTM

RHEO. (C) Digital images (KEYENCE VHX 970) of plastic-based microfluidic device with Y-shaped
channels 50 and 150 µm in diameter and their use under measurement conditions.

Very small sample amounts are needed for each measurement. Additionally, the
measurement process can be automated, with the instrument capable performing a specified
number of parallel measurements without changing the syringe containing the sample. It
can measure at different temperatures, allowing for the differentiation between the viscosity
of a formulation intended for implantation stored in a potentially cool place and the same
formulation’s viscosity at room and body temperatures. Its main advantage over traditional
viscosimeters is time efficiency, reducing measurement times from hours to minutes. In our
work, we aimed to compare the efficiency of a microfluidic chip-based viscosimeter and a
traditional rotational viscosimeter in measuring the viscosity of various pharmaceutical
forms. By evaluating the advantages and disadvantages of the two methods, we aim to
highlight the potential of microfluidic methods for time- and sample-efficient viscosity
analysis in drug development. Our results could contribute to the broader application of
microfluidic technologies, thereby increasing the efficiency.

2. Results and Discussion

In the following, we present the results of measurements of various solution- and
gel- based pharmaceutical forms using the Kinexus Pro+ rotational rheometer and the
FluidicamTM RHEO microfluidic viscosimeter, comparing them to each other and high-
lighting their relative advantages and disadvantages. The results also address the number
of samples required for the measurements. The Kinexus Pro+ rheometer is a high-tech
instrument for a wide range of rheological measurements, both in rotational and oscillatory
modes. However, it provides reliable results for the examined pharmaceutical forms only
within a limited shear range rate. The FluidicamTM RHEO is designed for a wide range of
rheological measurements, particularly excelling in high-shear-rate applications, such as
injecting, spraying, or 3D printing. While it offers precise and reliable results for various
pharmaceutical formulations, its accuracy is most notable within specific, higher-shear
ranges. The adjustable shear range depends on the selected microchip and the rheological
properties of the sample. Figure 2 shows images taken during the measurement of the
various pharmaceutical dosage forms.
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Figure 2. Comparison of the different measurements in the two plastic microfluidic chips. Liquid
dosage forms in the smaller 50 µm microchip; (AI.:) Injection. (AII.:) Klysma. (AIII.:) Eyedrop.
(AIV.:) Lubricant. Gel-based dosage forms in the bigger 150 µm microchip; (BI.:) Wound gel. (BII.:)
Oral gel. (BIII.:) Vaginal gel.

2.1. Time and Sample Quantity

The table below (Table 1) shows that for identical samples, the measurement times are
significantly shorter when using the microfluidic rheometer. The duration of measurements
naturally depends on the width of the shear range for both instruments. The rotational
rheometer uses a fixed sample quantity for each measurement, while for the microfluidic
rheometer, this also depends on the shear settings. The time difference includes the fact that
the microfluidic rheometer does not require sample change between parallel measurements.
It is possible because the sample to be measured is preloaded into the syringe, allowing
the next parallel measurement to start automatically after one is completed. In contrast
with the rotational viscosimeter, the sample must be placed onto the sample holder plate,
and after the measurement time has elapsed, it must be properly removed, and the sample
holder plate must be thoroughly cleaned. It is understandable that the cleaning times vary
based on the physical properties of the samples.
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Table 1. Solution- and gel-based samples’ quantity and duration required for measurements with
FluidicamTM RHEO and Kinexus Pro+.

Solution and Gel-Based Product
Used Sample/Measurement (mL) Time/Measurement (min)

Kinexus Pro+ FluidicamTM RHEO Kinexus Pro+ FluidicamTM RHEO

Vaginal gel 1.50 2.1 31 min ± 2 min 4 min 58 s ± 27 s
Wound gel 1.50 2.6 27 min ± 2 min 5 min 32 s ± 29 s

Eyedrop 1.19 1.2 48 min ± 4 min 3 min 12 s ± 12 s
Klysma 1.19 0.9 35 min ± 2 min 2 min 53 s ± 21 s
Injection 1.19 1.0 38 min ± 3 min 2 min 48 s ± 17 s
Lubricant 1.19 1.8 30 min ± 2 min 3 min 8 s ± 24 s
Oral gel 1.50 2.16 32 min ± 2 min 5 min 16 s ± 28 s

When evaluating the viscosity results, we took into consideration the possible shear
ranges occurring at the site of use (vaginal environment, spreading on the skin, ingestion,
etc.) as well as those occurring during application (injection, dispensing from the tube, etc.).

2.2. Parameters of the Applicators, Force Required for Extrusions

In order to predict the shear range occurring during application (e.g., rectal/vaginal
applicators) or injection, for the tested formulations where this parameter is not negligible
during use, we measured the force required to extrude the preparations from the applicator
and the applicator parameters (length, hole size) (Table 2).

Table 2. Applicator parameters.

Solution- and Gel-Based Product Diameter (mm) Length (mm) Force (N)

Vaginal gel 4.02 44.49 49.05
Klysma 1.91 44.59 49.05
Injection Gauge Gauge -

2.3. Liquid Dosage Forms

The results of the viscosity measurements of the liquid pharmaceutical forms are
shown in Figure 3.

The investigated eyedrop is an ophthalmic preparation mainly used for the treatment
of various types of eye irritation. The product promotes the regeneration and protection
of the eye’s mucous membrane and helps prevent bacterial and viral infections [20]. The
product contains polysorbate 80, a nonionic surfactant, which can affect its viscosity [21].
Since this formulation has low viscosity, the rotational viscosimeter cannot provide accurate
measurement results either in the low or high shear range. Between 1 and 1000 s−1, it
exhibits Newtonian properties. However, blinking can create such a high shear rate range
(4000 to 28,000 s−1) that the rotational viscosimeter can no longer provide reliable results.
With the microfluidic viscosimeter, the rheological properties of the eyedrop are measurable
on these high shear rates. The results show that the eyedrop also exhibits slight shear
thinning behavior at higher shear rates, which is particularly important to know when
formulating ophthalmic preparations.

The Klysma Diazepam Desitin is a solution containing diazepam as the active ingredi-
ent. It is indicated for the emergency treatment of epileptic seizures and is used to relieve
severe muscle spasm due to its muscle relaxant effect [22]. Its rectal route of administration
via enema is particularly advantageous when the patient is unable to take medication
orally (e.g., during a seizure). Among its components, propylene glycol (PG) has the most
significant impact on viscosity. PG is a synthetic liquid excipient, which absorbs water. Due
to its safety, it is widely used in the food and pharmaceutical industries [23]. Based on the
measurements of both instruments, the formulation exhibited Newtonian behavior in the
shear range of 10 to 50,000 s−1. In the range below 10 s−1, the rotational viscosimeter does
not provide reliable results. The shear rate within the rectum typically ranges between 10
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to 100 s−1. By knowing the force required to extrude the formulation from the tube, it is
possible to calculate the approximate shear rate that will occur during application [24].

The tested injection contains metamizole sodium, primarily used for fever and pain
relief. Due to its rapid onset and effectiveness, it is particularly suitable for treatment
of severe or acute pain and high fever when oral medications are inadequate or cannot
be administered [25]. It does not contain any viscosity-modifying agents. The formula-
tion showed Newtonian behavior when measured with both instruments. However, the
measurement made with the rotational viscosimeter is not reliable under 10 s−1. The
microfluidic viscosimeter, on the other hand, provided reliable results for our samples at
on higher shear rates.

Implants are often equipped with lubricants and coatings, where appropriate viscosity
is critical for the implant’s functionality. Polyethylene glycol 400 (Macrogola 400) is a low-
molecular-weight grade of polyethylene glycol, widely used in pharmaceutical and medical
applications due to its excellent solubility, low toxicity, and lubricant properties [26,27]. A
microfluid-based rheometer can assist in the precise measurement and control of lubricants
and coatings. Implants must be biocompatible with the human body to minimize the
chances of unwanted immune responses and tissue reactions. Viscosity measurements
can help understand the viscosity of fluids interacting with implants, thus facilitating
biocompatibility studies [28,29].

In the shear rate ranges where the results were visibly unreliable, the deviations were
not indicated. It can be observed that the deviation values of the microfluidic rheometer
are negligible.

1 

 

 

Figure 3. Viscosity curves of the liquid dosage forms. The black curve shows the 

measurement results obtained with the Kinexus Pro+, and the red curve shows 

the  results  obtained with  the  FluidicamTM  Rheo.  In  the  top  right  corner,  an 

enlarged  graph  of  certain  ranges  of  the  viscosity  curves  can  be  seen. All  the 

investigated dosage  forms were measured  three  times, and all parallels were 

measured  from  freshly-loaded  samples.  (A)  Injection.  (B)  Lubricant.  (C) 

Klysma. (D) Eyedrop. 

 

Figure 3. Viscosity curves of the liquid dosage forms. The black curve shows the measurement results
obtained with the Kinexus Pro+, and the red curve shows the results obtained with the FluidicamTM

Rheo. In the top right corner, an enlarged graph of certain ranges of the viscosity curves can be seen.
All the investigated dosage forms were measured three times, and all parallels were measured from
freshly-loaded samples. (A) Injection. (B) Lubricant. (C) Klysma. (D) Eyedrop.

2.4. Gel-Based Dosage Forms

The results of the viscosity measurements of the gel-based dosage forms are shown in
Figure 4.
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Figure 4. Viscosity curves of gel-based dosage forms. The black curve shows the measurement results
obtained with the Kinexus Pro+, and the red curve shows the results obtained with the FluidicamTM

Rheo. In the top right corner, an enlarged graph of certain ranges of the viscosity curves can be
seen. All the investigated dosage forms were measured three times, all parallels were measured from
freshly-loaded samples. (A) Wound gel. (B) Oral gel. (C) Vaginal gel.

The tested vaginal gel is used for the treatment and prevention of vaginal bacteriosis
and vaginal candidiasis. The gel product contains lactic acid and glycogen, which help
reduce vaginal pH, thereby creating the pH value necessary for proliferation of bacteria
exposed to vaginal microflora [30–32]. Its main thickening and gelling agent is methyl-
hydroxy-propyl-cellulose (MHPC), which increases the viscosity of the preparation, making
it a hydrogel. MHPC is a cellulose derivate widely used in the cosmetic and pharmaceutical
industries to set the required consistency [33]. The vaginal gel is applied directly in the
vagina using an applicator. The biologically relevant shear rate interval regarding the
vaginal environment is 0.01 s−1 to 100 s−1 [34]. The viscosity measurement of Lactofeel
vaginal gel with the rotational viscosimeter was conducted in the range between 0.1 and
5000 s−1. It is a low-viscosity hydrogel, with the stable measurement range between
1 and approximately 1000 s−1. This covers most of the shear range occurring in the
vaginal environment, but during application, the small-diameter applicator induces higher
shear rates. The viscosity results of the gel measured by the microfluidic rheometers and
the rotational viscosimeter show very close correlations within the invested ranges; the
difference between the viscosity measurements obtained from the two instruments is at
most 0.5 Pa·s.

The wound-healing gel can be used for the treatment of minor wounds, cuts, abrasions,
and burns. The main active ingredient of this gel is hyaluronic acid, which plays an
important role in the wound-healing process and helps maintain the moisture content of
the wound, resulting in faster healing [35]. Its gelling is carbomer, a typical excipient in
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hydrogels, a high-molecular-weight polymer of acrylic acid crosslinked with allyl ethers of
polyalcohol. Gels made with this gelling agent are easy to apply on damaged skin, they
spread well, and they form a thin film that cools down the skin [36]. The gel exhibits a highly
pronounced shear thinning behavior. The two shear factors that may occur during use are
the shear ranges on the skin during spreading and the shear range during dispensing from
the tube, along with the required force for this. The shear rate during the spreading of
the gel on the skin is approximately around 100 s−1 [37]. The measurement results show
that the tested hydrogel formulation significantly thins, even with very small increases
in shear rates. The viscosity results for the wound gel obtained with the microfluidic
rheometer and the rotational viscosimeter are highly comparable, with differences between
the measurements not exceeding 0.5 Pa·s at any measurement point.

Gloup is a viscous, gel-formed medical device that facilitates the ingestion and swal-
lowing of medications by coating solid dosage forms [38]. It is a particularly significant
oral gel in pediatrics and geriatrics, as well as for patients with swallowing difficulties. Its
gelling agent is carrageenan, a naturally occurring polysaccharide capable of forming gel
in water and a widely used food additive [39]. Shear rates during swallowing can vary
between 10 and 50 s−1 [40]. The shear thinning behavior of the gel-based medical device is
extremely advantageous, allowing it to effectively fulfill its purpose of easing swallowing.
The results measured by the two methods are almost identical.

It can be seen that the deviation values of the microfluidic rheometer are almost negligible.

3. Conclusions

Based on our results, we can conclude that the different viscosity measurement meth-
ods have their own strengths and limitations depending on the application, the type of the
formulation, and the aim of the measurement. The rotational viscosimeter provides reliable
results over a wider shear range. This method proved effective for gel-like formulations
(vaginal gel, wound gel, oral gel) that were conducted in the range of 0.1 to 5000 s−1.
However, formulations with viscosities close to that of water did not yield evaluable results
in the lower-shear-rate ranges, nor in the ranges occurring during injection or blinking. An-
other benefit of the rotational viscosimeter is that some samples can be partially recovered
from the sample holder plate after the measurement.

Meanwhile, the microfluidic rheometer provided valuable insights for formulations
experiencing higher shear rates during use or application. These formulations can be
the injections, injectable gels, implants, eyedrops, or even ocular gels and the measured
applicator-based pharmaceuticals (vaginal gel, Klysma). It is important to note that, since
the investigated sample was mixed during the measurement process, microfluidic vis-
cosimetry is a destructive measurement process, and the sample cannot be recovered
post analysis.

In the ranges where the measurement capabilities of the microfluidic rheometer and
the rotational viscosimeter overlapped, we obtained comparable results, although the
microfluidic viscosimeter was able to measure with smaller deviations. The measurement
process is quick, often taking only a few minutes. This efficiency is extremely beneficial,
when multiple samples need to be analyzed in a short amount of time. Also, an advantage
of the machine is that the system requires minimal sample preparation.

Overall, both methods are valuable tools for viscosity measurement, each with their
specific applications and advantages. The microfluidic rheometer shows great potential for
further developments, particularly in the analysis of formulations exposed to high shear
rates, such as ophthalmic and injectable preparations.

4. Materials and Methods
4.1. Materials

In Table 3 below, the examined solution- and gel-based pharmaceuticals, all of which
were purchased from a Hungarian pharmacy, are listed.



Gels 2024, 10, 464 9 of 14

Table 3. Commercially available, tested solution- and gel-based products with some information
[20,22,25,30,35,38,41].

Dosage Form Route of Administration API Viscosity Modifying
Excipient Indication Brand Name Manufacturer

Gel Vaginal Acidum lacticum,
Glicogen

Methyl-hydroxy-propyl-
cellulose (MHPC)

Bacterial vaginosis,
Candidiasis Lactofeel Exeltis, Florham Park,

NJ, USA

Gel Topical Sodium
hyaluronate Carbomer Wound care Curiosa Richter Gedeon Nyrt.,

Budapest, Hungary

Solution Eyedrop - Polysorbate 80 Lubricant Phyteneo Occusept
Neofyt spol. s r.o.,
Stříbrná Skalice,
Czech Republic

Klysma
(solution) Rectal Diazepam Propylenglycol Seizure resolution Diazepam Desitin

10 mg
Desitin Arzneimittel
GmbH., Hamburg,

Germany

Injection Intramuscular/intravenous Metamizole-
sodium - Painkiller Algopyrin 1 g/2 mL

injection
Sanofi-Aventis, Paris,

France

Excipient Subcutaneous - - Lubricant for
implants Macrogola 400 MAGILAB Kft.,

Budapest, Hungary

medical
device-gel Oral - Carragenan Lubricant for solid

dosage forms Gloup M. Technologies Fr.,
Tourcoing, France

During the product selection, our goal was to study the impact of shear rate on viscosity
across a wide range, from gel-type pharmaceutical forms with various viscosities to liquid
formulations. An important aspect was measuring the effect of high shear rates on viscosity,
such as the shear rate occurring during blinking for ophthalmic preparations or during
injection for injectable drugs. We also aimed to determine whether a single measuring
instrument could be used for comprehensive viscosity assessment of a pharmaceutical
form, i.e., whether we can simulate with one device the shear range encountered at the
point of use and the shear range occurring during application or administration.

4.2. Methods

Two different viscosimeters were used for the measurements, the Kinexus Pro+ rota-
tional rheometer (Malvern Panalytical, Worcestershire, UK) and the FluidicamTM RHEO
viscosimeter (Fromulaction, Toulouse, France). The settings were adjusted in each case to
the specific characteristics, conditions of use, and route of administration of the chosen
solution- or gel-based dosage forms.

4.2.1. Viscosity Measurements with Kinexus Pro+

The rheological properties of the selected solution- or gel-based pharmaceutical for-
mulations were first measured using the Kinexus Pro+ rotational rheometer (Malvern
Panalytical, UK). This rotational rheometer system can apply controlled shear deformation
on the tested samples, allowing the measurement of flow properties and dynamic mate-
rial properties. The Kinexus Pro+ rheometer is designed to measure viscosities ranging
from low-viscosity fluids to higher-viscosity substances. Its measurement range covers
viscosities from 1 mPa·s to 10,000 Pa·s. The device can accurately measure shear rates from
10−6 to 104 s−1; however, it is highly dependent on the physical characteristics of the tested
samples [42]. Depending on the viscosity of the products, we used cone–plate (CP4/40
SR0207 SS: PL65 S0815 SS) and plate–plate (CP1/50 SR1222 SS: Solvent Trap 55 mm C0157
SS) geometries with the rheometer. All measurements were performed at a temperature
regulated by a Peltier plate, appropriate to the route of administration. These temperatures
are also listed in the table below (Table 4). The shear rate range was also selected either
based on the shear ranges encountered during administration or based on the environment
of application, as permitted by the device.

Table 4. Kinexus Pro+ setting parameters.

Product Geometry Shear Rate Range (s−1) Temperature (◦C)

Vaginal gel Cone–Plate 10−1 to 1 × 104 37
Wound gel Cone–Plate 10−1 to 5 × 103 32
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Table 4. Cont.

Product Geometry Shear Rate Range (s−1) Temperature (◦C)

Eyedrop Plate–Plate 10−1 to 1 × 104 34
Klysma Plate–Plate 10−1 to 5 × 103 37
Injection Plate–Plate 10−1 to 1 × 104 37
Lubricant Cone–Plate 10−1 to 5 × 103 37
Oral gel Cone–Plate 10−1 to 5 × 103 37

4.2.2. Viscosity Measurements with FluidicamTM RHEO

The viscosities were measured using the FluidicamTM RHEO viscosimeter (Formu-
laction, France), which operates based on microfluidic principles. The shear rate and the
temperature were selected according to the route of administration for each pharmaceuti-
cal formulation. Appropriate reference solutions to the viscosity of each pharmaceutical
dosage forms (gels, solution, lubricant) were used. These liquid references (Formulaction,
France) had different viscosities, with targets of 5, 50, and 500 mPa s at 25 ◦C. Table 5
presents the measuring settings.

Table 5. FluidicamTM RHEO setting parameters.

Product Diameter of Gap Microchip (µm) Shear Rate Range (s−1) Temperature (◦C) Viscosity of Ready-to-Use Reference (mPa·s)

Vaginal gel 150 1 × 102 to 5 × 103 37 500
Wound gel 150 1 × 102 to 5 × 103 32 500

Eyedrop 50 5 × 102 to 1 × 104 34 5
Klysma 50 5 × 102 to 3.5 × 104 37 5
Injection 50 1 × 103 to 1 × 105 37 5
Lubricant 50 5 × 102 to 1 × 104 37 5
Oral gel 150 1 × 102 to 5 × 103 37 500

Based on its operation, the microfluidic rheometer is suitable for measuring biological
samples, examining various liquid or even semisolid pharmaceutical forms (oral gels,
wound gels, vaginal gels), lubricants for implants, implants themselves, and their sur-
rounding environments. However, since it operates based on flow, the sample must be
homogeneously fluid. Very dense, viscous materials can only be measured if they exhibit
shear-thinning properties. Injectability is an important consideration in the design and de-
velopment of parenteral dosage forms, such as implants. During injection, the formulation
is subjected to very high shear forces. With the help of the microfluidic viscosimetry, it
can be examined whether high shear forces positively facilitate injectability or negatively
impact it. In the small-sized chips, laminar flow (Figure 5) is continuously ensured for both
the reference and the sample, which makes it straightforward to calculate the sample’s
viscosity in the following manner.

W
Wr

=
η

ηr
· Q
Qr

(1)

W and Wr—the measured widths by the camera; η—the viscosity of the sample; ηr-the
known viscosity of the reference; Q and Qr—the flow rates set by the equipment; sub-
scripted r always refers to the reference solution. The flow rate is adjusted by the equipment
based on the width of the reference and the tested samples within the microchip. The shear
rate is defined as the quotient of the change in velocity and the width of the channel in the
microchip [43]. With the previous data and knowledge of the reference solution’s viscosity,
the viscosity of the tested sample can be easily calculated.
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Examining ocular dosage form (eye drops, ocular gels, etc.) is particularly suitable
with this method, because during blinking, the eye can exert high shear rates, which a
rotational viscosimeter is not capable of measuring [44,45]. The FluidicamTM RHEO can
imitate it and allows the determination of the formulation’s suitability for ophthalmic use.
The shear force during different usage methods can depend on numerous factors. These
include the injection force or the force of squeezing from a tube/applicator, the viscosity
of the dosage form, the speed of injection or squeezing, the diameter of the needle or
applicator, and the properties of the media, where we insert or inject the dosage form.
Generally, the shear force can be determined as follows [46,47]:

τ = η·du
dy

, (2)

τ—shear stress (Pa); η—viscosity (Pa·s); du
dy is the velocity gradient (s−1). The velocity

gradient refers to the shear rate, which is the velocity difference between the layers of the
fluid per unit distance. It can be described mathematically as follows:

γ =
du
dy

, (3)

where γ—shear rate (s−1); du
dy —velocity gradient (s−1).

4.2.3. Digital Caliper

For pharmaceutical dosage forms (vaginal gel, klysma), where the shear rate during
application could affect usage, we determined the diameter and length of the applicators
and nozzles using an Aerospace digital caliper (Kovea Co. Ltd.; Incheon, Republic of Korea;
0.01 ± 0.02 mm accuracy) [48]. Based on the data, we determined the potentially occurring
shear ranges. Five parallels were measured on each tube.

4.2.4. Extrudability

For the dosage forms, where significant shear occurs during use (vaginal gel, Klysma),
the force required to extrude the product from the tube was measured with a Stokes Hand-
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held Hardness tester (F. J. Stokes Machine Company, Philadelphia, U.S.; Scale: 0–20 kg) [49].
Three parallels were measured from each sample.

The shear rates occurring during the administration of injections, injectable prepa-
rations, or even preparations that can be used with an applicator (vaginal gel, Klysma)
depend significantly on the resistance at the injection site, the viscosity of the parenteral
preparation, and the diameter of the needle used, and in the case of applicator-based
products on the place of administration, the diameter, and the length of the applicator, and
the viscosity of the product. The diameter of the needle is defined by the so-called gauge
number. Needles with higher gauge number, meaning smaller diameter, result in higher
shear rates at the same flow rate. For Newtonian injections, and for some applicator-based
preparations (like the chosen Klysma), the shear rate can be calculated as follows:

∆P =
F
A

, (4)

where ∆P—pressure drop (Pa); F—the force required to extrude the preparation from a
tube/applicator, or the force needed to press the syringe (N); A—the area of the nozzle/tube
(m2). To find the volumetric flow rate, the Hagen–Poiseuille equation should be used:

Q =
πr4∆P

8ηL
, (5)

Q—volumetric flow rate ( m3

s ); r—radius of the nozzle (m); η—viscosity of the fluid (Pa·s);
L—the length of the pipe. Based on the results of Equations (4) and (5), knowing the
volumetric flow rate and the pressure drop and the radius of the used nozzle, the shear
rate can be approximated as

γ =
4Q
πr3 (6)
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10. Zupančič Valant, A.; Žiberna, L.; Papaharilaou, Y.; Anayiotos, A.; Georgiou, G.C. The influence of temperature on rheological
properties of blood mixtures with different volume expanders—Implications in numerical arterial hemodynamics simulations.
Rheol. Acta 2011, 50, 389–402. [CrossRef]

11. Barnes, H.A. The yield stress—A review or ‘panta roi’—Everything flows? J. Non-Newton. Fluid. Mech. 1998, 81, 133–178.
[CrossRef]

12. Winter, M.M.a.H.H. Relaxation Patterns of Nearly Critical Gels. Macromolecules 1996, 29, 7221–7229.
13. Mackley, M.; Marshall, R.; Smeulders, J.; Zhao, F. The rheological characterization of polymeric and colloidal fluids. Chem. Eng.

Sci. 1994, 49, 2551–2565. [CrossRef]
14. Barber, E.M.; Muenger, J.R.; Villforth, F.J. A High Rate of Shear Rotational Viscometer. Anal. Chem. 1955, 27, 5. [CrossRef]
15. Galindo-Rosales, F.J. Complex Fluids and Rheometry in Microfluidics. In Complex Fluid-Flows in Microfluidics; Galindo-Rosales,

F.J., Ed.; Springer International Publishing: Cham, Switzerland, 2018; pp. 1–23.
16. Gupta, S.; Wang, W.S.; Vanapalli, S.A. Microfluidic viscometers for shear rheology of complex fluids and biofluids. Biomicrofluidics

2016, 10, 043402. [CrossRef] [PubMed]
17. Liu, L.; Hu, D.; Lam, R.H.W. Microfluidic Viscometer Using a Suspending Micromembrane for Measurement of Biosamples.

Micromachines 2020, 11, 934. [CrossRef] [PubMed]
18. Peng, F.; Ke, Y.; Zhao, H.; Tang, Q.; Zhang, Z.; Bai, C. Application of microfluidic technology in oil industry—A new quick test

method of fluid viscosity. IOP Conf. Ser. Mater. Sci. Eng. 2018, 452, 022040. [CrossRef]
19. Formulaction. Fluidicam RHEO Instrument Note. Available online: https://www.ulprospector.com/documents/1527662.pdf?

bs=5964&b=724579&st=20&r=na&ind=personalcare (accessed on 12 July 2024).
20. Eneo. Phyteneo Occusept—Instruction fo Use. Available online: https://im9.cz/product-docs/5grza3la6de1kx76/N%C3%A1

vod%20k%20pou%C5%BEit%C3%AD%20-%20Phyteneo%20Occusept%20o%C4%8Dn%C3%AD%20kapky%202%20x%2020
%20ml.pdf (accessed on 12 July 2024).

21. Kozuch, B.; Weber, J.; Buske, J.; Mader, K.; Garidel, P.; Diederichs, T. Comparative Stability Study of Polysorbate 20 and
Polysorbate 80 Related to Oxidative Degradation. Pharmaceutics 2023, 15, 2332. [CrossRef] [PubMed]

22. DesitinPharma. Diazepam Desitin 10 mg Rectal solution SmPC. Available online: https://www.medicines.org.uk/emc/product/
3001/smpc (accessed on 12 July 2024).

23. Kao, T.-T.; Wang, M.-C.; Chen, Y.-H.; Chung, Y.-T.; Hwang, P.-A. Propylene Glycol Improves Stability of the Anti-Inflammatory
Compounds in Scutellaria baicalensis Extract. Processes 2021, 9, 894. [CrossRef]

24. Zhai, J.; Mantaj, J.; Vllasaliu, D. Ascorbyl Palmitate Hydrogel for Local, Intestinal Delivery of Macromolecules. Pharmaceutics
2018, 10, 188. [CrossRef]

25. OpellaHealthcare. Algopyrin 1 g/2 mL SmPC-HUN. Available online: https://ogyei.gov.hu/kiseroirat/ah/ah_0000018952_202
30417100407.doc (accessed on 12 July 2024).

26. Hu, F.; Lu, H.; Ye, Z.; Zhang, S.; Wang, W.; Gao, L. Slow-release lubrication of artificial joints using self-healing polyvinyl
alcohol/polyethylene glycol/graphene oxide hydrogel. J. Mech. Behav. Biomed. Mater. 2021, 124, 104807. [CrossRef]

27. Germanova, V.N.; Karlova, E.V.; Volova, L.T.; Zolotarev, A.V.; Rossinskaya, V.V.; Zakharov, I.D.; Korigodskiy, A.R.; Boltovskaya,
V.V.; Nefedova, I.F.; Radaykina, M.V. PLA-PEG Implant as a Drug Delivery System in Glaucoma Surgery: Experimental Study.
Polymers 2022, 14, 3419. [CrossRef] [PubMed]

28. Kim, S.R.; Lee, K.M.; Kim, J.H.; Choi, Y.J.; Park, H.I.; Jung, H.C.; Roh, H.J.; Han, J.H.L.; Kim, J.R.; Lee, B.K. Biocompatibility
evaluation of peo-treated magnesium alloy implants placed in rabbit femur condyle notches and paravertebral muscles. Biomater.
Res. 2022, 26, 29. [CrossRef] [PubMed]

29. Peng, Y.; Ang, M.; Foo, S.; Lee, W.S.; Ma, Z.; Venkatraman, S.S.; Wong, T.T. Biocompatibility and biodegradation studies of
subconjunctival implants in rabbit eyes. PLoS ONE 2011, 6, e22507. [CrossRef] [PubMed]

30. Exeltis. Lactofeel Information Leaflet. Available online: https://www.lejdyeshop.cz/files/product_file/8_4312_LACTOFEEL-1.
pdf (accessed on 12 July 2024).

31. Mendling, W.; Shazly, M.A.E.; Zhang, L. The Role of Lactic Acid in the Management of Bacterial Vaginosis: A Systematic
Literature Review. Future Pharmacol. 2022, 2, 198–213. [CrossRef]

32. van der Veer, C.; Bruisten, S.M.; van Houdt, R.; Matser, A.A.; Tachedjian, G.; van de Wijgert, J.; de Vries, H.J.C.; van der Helm, J.J.
Effects of an over-the-counter lactic-acid containing intra-vaginal douching product on the vaginal microbiota. BMC Microbiol.
2019, 19, 168. [CrossRef]

33. Palmieri, E.; Pescosolido, F.; Montaina, L.; Carcione, R.; Petrella, G.; Cicero, D.O.; Tamburri, E.; Battistoni, S.; Orlanducci, S. A
Sustainable Hydroxypropyl Cellulose-Nanodiamond Composite for Flexible Electronic Applications. Gels 2022, 8, 783. [CrossRef]

34. D’souza, A.A.; Shegokar, R. Polyethylene glycol (PEG): A versatile polymer for pharmaceutical applications. Expert Opin. Drug
Deliv. 2016, 13, 1257–1275. [CrossRef]

35. RichterGedeonPLC. Curiosa Gel Information Leaflet. Available online: https://rgwebsite-uat-cm.allwin.hu/-/media/sites/hq/
documents/our-products/curiosa-gel-ifu-hu.pdf (accessed on 12 July 2024).

https://doi.org/10.3390/gels9060469
https://www.ncbi.nlm.nih.gov/pubmed/37367140
https://doi.org/10.3390/nano13162340
https://www.ncbi.nlm.nih.gov/pubmed/37630925
https://doi.org/10.1007/s00397-010-0518-x
https://doi.org/10.1016/S0377-0257(98)00094-9
https://doi.org/10.1016/0009-2509(94)E0082-2
https://doi.org/10.1021/ac60099a030
https://doi.org/10.1063/1.4955123
https://www.ncbi.nlm.nih.gov/pubmed/27478521
https://doi.org/10.3390/mi11100934
https://www.ncbi.nlm.nih.gov/pubmed/33066536
https://doi.org/10.1088/1757-899X/452/2/022040
https://www.ulprospector.com/documents/1527662.pdf?bs=5964&b=724579&st=20&r=na&ind=personalcare
https://www.ulprospector.com/documents/1527662.pdf?bs=5964&b=724579&st=20&r=na&ind=personalcare
https://im9.cz/product-docs/5grza3la6de1kx76/N%C3%A1vod%20k%20pou%C5%BEit%C3%AD%20-%20Phyteneo%20Occusept%20o%C4%8Dn%C3%AD%20kapky%202%20x%2020%20ml.pdf
https://im9.cz/product-docs/5grza3la6de1kx76/N%C3%A1vod%20k%20pou%C5%BEit%C3%AD%20-%20Phyteneo%20Occusept%20o%C4%8Dn%C3%AD%20kapky%202%20x%2020%20ml.pdf
https://im9.cz/product-docs/5grza3la6de1kx76/N%C3%A1vod%20k%20pou%C5%BEit%C3%AD%20-%20Phyteneo%20Occusept%20o%C4%8Dn%C3%AD%20kapky%202%20x%2020%20ml.pdf
https://doi.org/10.3390/pharmaceutics15092332
https://www.ncbi.nlm.nih.gov/pubmed/37765302
https://www.medicines.org.uk/emc/product/3001/smpc
https://www.medicines.org.uk/emc/product/3001/smpc
https://doi.org/10.3390/pr9050894
https://doi.org/10.3390/pharmaceutics10040188
https://ogyei.gov.hu/kiseroirat/ah/ah_0000018952_20230417100407.doc
https://ogyei.gov.hu/kiseroirat/ah/ah_0000018952_20230417100407.doc
https://doi.org/10.1016/j.jmbbm.2021.104807
https://doi.org/10.3390/polym14163419
https://www.ncbi.nlm.nih.gov/pubmed/36015676
https://doi.org/10.1186/s40824-022-00279-1
https://www.ncbi.nlm.nih.gov/pubmed/35794655
https://doi.org/10.1371/journal.pone.0022507
https://www.ncbi.nlm.nih.gov/pubmed/21799878
https://www.lejdyeshop.cz/files/product_file/8_4312_LACTOFEEL-1.pdf
https://www.lejdyeshop.cz/files/product_file/8_4312_LACTOFEEL-1.pdf
https://doi.org/10.3390/futurepharmacol2030014
https://doi.org/10.1186/s12866-019-1545-0
https://doi.org/10.3390/gels8120783
https://doi.org/10.1080/17425247.2016.1182485
https://rgwebsite-uat-cm.allwin.hu/-/media/sites/hq/documents/our-products/curiosa-gel-ifu-hu.pdf
https://rgwebsite-uat-cm.allwin.hu/-/media/sites/hq/documents/our-products/curiosa-gel-ifu-hu.pdf


Gels 2024, 10, 464 14 of 14

36. Dekic, L.; Milinkovic Budincic, J.; Stanic, D.; Fraj, J.; Petrovic, L. Carbomer Hydrogels with Microencapsulated alpha-Tocopherol:
Focus on the Biocompatibility of the Microcapsules, Topical Application Attributes, and In Vitro Release Study. Pharmaceutics
2024, 16, 628. [CrossRef]

37. Rheology for Beginners—Determining the Viscosity of a Hand Cream. Available online: https://analyzing-testing.netzsch.com/
en/training-know-how/tips-tricks/rheology/rheology-for-beginners-determining-the-viscosity-of-a-hand-cream (accessed on
20 June 2024).

38. Gloup Information Leaflet. Available online: https://www.apo-direkt.de/app/download/25935563/GLOUP%C2%AE+
Produktinformationen.pdf (accessed on 12 July 2024).

39. Komisarska, P.; Pinyosinwat, A.; Saleem, M.; Szczuko, M. Carrageenan as a Potential Factor of Inflammatory Bowel Diseases.
Nutrients 2024, 16, 1367. [CrossRef]

40. Ong, J.J.; Steele, C.M.; Duizer, L.M. Challenges to assumptions regarding oral shear rate during oral processing and swallowing
based on sensory testing with thickened liquids. Food Hydrocoll. 2018, 84, 173–180. [CrossRef]

41. Rowe, R.C.; Sheskey, P.J.; Quinn, M.E. Polyethylene Glycol Monograph. In Handbook of Pharmaceutical Excipients, 6th ed.;
Pharmaceutical Press: London, UK, 2009; pp. 517–522.

42. From Low to High Shear Rates: NETZSCH Reaches Them All. Available online: https://analyzing-testing.netzsch.com/en/
blog/2022/from-low-to-high-shear-rates-netzsch-reaches-them-all (accessed on 12 July 2024).

43. Agwu, O.E.; Akpabio, J.U.; Ekpenyong, M.E.; Inyang, U.G.; Asuquo, D.E.; Eyoh, I.J.; Adeoye, O.S. A critical review of drilling
mud rheological models. J. Pet. Sci. Eng. 2021, 203, 108659. [CrossRef]

44. Not a Dry Eye in the House: Eye Drop Rheology. Available online: https://www.rheologylab.com/articles/pharmaceutical-
rheology/rheology-lubricating-eye-drops/ (accessed on 17 June 2024).

45. Kapadia, W.; Qin, N.; Zhao, P.; Phan, C.M.; Haines, L.; Jones, L.; Ren, C.L. Shear-Thinning and Temperature-Dependent Viscosity
Relationships of Contemporary Ocular Lubricants. Transl. Vis. Sci. Technol. 2022, 11, 1. [CrossRef] [PubMed]

46. Deshpande, A.P. Oscillatory Shear Rheology for Probing Nonlinear Viscoelasticity of Complex Fluids: Large Amplitude Oscillatory
Shear. In Rheology of Complex Fluids; Krishnan, J.M., Deshpande, A.P., Kumar, P.B.S., Eds.; Springer: New York, NY, USA, 2010;
pp. 87–110.

47. Dyvik, K.; Dyrstad, K.; Tronstad, A. Relationship between viscosity and determined injection pressure in angiography catheters
for common roentgen contrast media. Acta Radiol. 1995, 36, 43–49. [CrossRef] [PubMed]

48. Aerospace 6 inch/150 mm Digital Vernier Caliper/Micrometer. Available online: https://thermoindia.com/product/thermo-
aerospace-6-inch-150mm-digital-vernier-caliper-micrometer/ (accessed on 12 July 2024).

49. Smith, F.D.; Lyndall, G. Apparatus for Testing Pharmaceutical Tablets. U.S. Patent 2041869A, 26 May 1934.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pharmaceutics16050628
https://analyzing-testing.netzsch.com/en/training-know-how/tips-tricks/rheology/rheology-for-beginners-determining-the-viscosity-of-a-hand-cream
https://analyzing-testing.netzsch.com/en/training-know-how/tips-tricks/rheology/rheology-for-beginners-determining-the-viscosity-of-a-hand-cream
https://www.apo-direkt.de/app/download/25935563/GLOUP%C2%AE+Produktinformationen.pdf
https://www.apo-direkt.de/app/download/25935563/GLOUP%C2%AE+Produktinformationen.pdf
https://doi.org/10.3390/nu16091367
https://doi.org/10.1016/j.foodhyd.2018.05.043
https://analyzing-testing.netzsch.com/en/blog/2022/from-low-to-high-shear-rates-netzsch-reaches-them-all
https://analyzing-testing.netzsch.com/en/blog/2022/from-low-to-high-shear-rates-netzsch-reaches-them-all
https://doi.org/10.1016/j.petrol.2021.108659
https://www.rheologylab.com/articles/pharmaceutical-rheology/rheology-lubricating-eye-drops/
https://www.rheologylab.com/articles/pharmaceutical-rheology/rheology-lubricating-eye-drops/
https://doi.org/10.1167/tvst.11.3.1
https://www.ncbi.nlm.nih.gov/pubmed/35234832
https://doi.org/10.1177/0284185195036S39906
https://www.ncbi.nlm.nih.gov/pubmed/8610529
https://thermoindia.com/product/thermo-aerospace-6-inch-150mm-digital-vernier-caliper-micrometer/
https://thermoindia.com/product/thermo-aerospace-6-inch-150mm-digital-vernier-caliper-micrometer/

	Introduction 
	Results and Discussion 
	Time and Sample Quantity 
	Parameters of the Applicators, Force Required for Extrusions 
	Liquid Dosage Forms 
	Gel-Based Dosage Forms 

	Conclusions 
	Materials and Methods 
	Materials 
	Methods 
	Viscosity Measurements with Kinexus Pro+ 
	Viscosity Measurements with FluidicamTM RHEO 
	Digital Caliper 
	Extrudability 


	References

