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Abstract  This publication introduces a digital learning module on the topic of nanomedicine for chemistry 
education in high schools and for student laboratories. Nanoparticles provide a modern approach for treating 
diseases. By encapsulating active ingredients in nanoparticles the ingredients are not distributed in the entire body, 
but can be specifically transported and released to the target organs and tissues. The advantage of this approach is 
that a higher dose can reach the designated target while minimizing the overall dosage and resulting side effects. 
This research topic offers excellent links to classical school chemistry contents such as polymer chemistry, 
polymerization, ester formation and cleavage, polarity, and solubility. The digital learning module is based on a 
differentiation grid that offers students with varying learning backgrounds an individual way to access and engage 
with the module. 
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1. Introduction 

Successful disease control, not least the SARS-CoV-2 
pandemic, confronts us with new challenges all the time. 
Conventional drug delivery systems (DDS) have 
numerous disadvantages that complicate targeted, 
individualized therapy. The effect is mostly systemic, 
potentially harming the entire body due to the high dose 
administered and side effects in non-targeted regions and 
organs. However, at the targeted site in the body, the 
concentration of the active ingredient is often not high 
enough to control the disease. This dilemma can be 
resolved by using modern targeted DDS. The aim is to 
transport and release active ingredients only at the affected 
organ, leading to a high local concentration, which can 
additionally be maintained over a longer period of time. 
The suitable properties required for these "smart" carrier 

materials are provided by polymeric nanoparticles [1,2].  
Teaching this current and research-related subject area 

offers interesting connection points for chemistry 
education in high schools. Supported by digital media and 
based on a differentiation grid [3], students learn facts 
about nanomedicine in general and specifically how DDS 
works in their own, individual way. The newly created 
digital learning module contains real-life experiments as 
well as a variety of different task formats. It highlights the 
potential of nanoparticles in medical applications, 
introduces a possible method for synthesizing polymers as 
well as formulating polymeric nanoparticles suited for 
drug delivery, and includes the loading of nanoparticles 
as drug carriers with a dye as a model substance. Finally, 
the targeted release of the drug can be simulated due to a 
pH value change. The experiments can be carried out with 
harmless and inexpensive chemicals, and initial 
implementations show the successful realization with 
groups of students. [4]  
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2. Experimental Basis 

The development of the experimental series was a 
collaboration between the department of chemistry 
didactics and the chemical research within the 
Collaborative Research Center 1278 PolyTarget. The aim 
was to develop a series of experiments that introduce 
students to targeted DDS: From the synthesis of the 
polymer to the formulation and loading of the nanocarriers 
to the targeted release. The Model of Educational Transfer 
Research (see Figure 1) was chosen as the research 
method for the transfer of current scientific knowledge 
into the school context. Within a cyclical process 
involving students, student teachers, and teachers, 
conception, testing, evaluation, and optimization take 
place before the newly created material is disseminated to 
interested audiences. 

 
Figure 1. Model of Educational Transfer [4]. 

Information on the development of the series of 
experiments, the scientific background as well as the 
recorded measured values have been published in the 
Journal of Chemical Education [4]. The series of 
experiments is structured in three parts (see Figure 2) and 
analogous to a taxi ride, where the cab represents the drug 
carrier, i.e., the polymeric nanoparticles and the 
passenger embodies the drug. 

 

Figure 2. Taxi analoge overview setup of the series of experiments: (1) 
synthesis of the polymer, (2) formulation and loading of the nanocarriers, 
(3) degradation of the nanocarriers and drug release. 

Within the first step of the test series (1), the synthesis 
of the polymer takes place - as the basis for the 
formulation of the nanoparticles. Using the taxi analogy, 
the starting material for the vehicle is provided here. The 
students synthesize the polymer poly(δ-valerolactone) 
(PδVL) themselves from the monomer δ-valerolactone 
(δVL) by a ring-opening polymerization (ROP) (see 
Figure3). Polyesters are one of the most frequently used 
polymer classes for the encapsulation of hydrophobic 
active ingredients. The reasons for this are the properties 
of the used polymers: They are non-toxic, biocompatible 

and biodegradable [5]. For the student experiment, the 
monomer δVL is used because the reaction to form the 
polymer occurs within a few minutes at room temperature 
by using the organocatalyst 1,5,7-triazabicyclo [4.4.0] 
dec-5-ene (TBD). Thus, the experiment is well-suited in 
terms of time for the school context [6,7]. The ROP is 
initiated by the addition of ethanol. 

 

Figure 3. Schematic representation of the ROP of δVL. 

In step (2) of the series of experiments, the method of 
nanoprecipitation, also called solvent evaporation method 
[8,9,10], based on Fessi et al. [11], is used to formulate 
the nanoparticles and to encapsulate the model substance 
nile red instead of an active ingredient [4]. In the taxi 
analogy, this step represents the assembly of the vehicle as 
well as the boarding of the passenger. Nile red offers the 
advantage of being allowed as a chemical in the school 
context and increases the visualization of the process.  

For the formulation (2), the hydrophobic polymer PδVL 
previously synthesized by the students themselves in step 
(1) is used and dissolved in the solvent acetone. When 
choosing the solvent, it is important to ensure that it is 
miscible with water. After injection of the organic phase 
into water. Nile red is also dissolved in acetone. Together, 
the dissolved polymer and the nile red acetone solution are 
dropped into an excess of water. Subsequently the acetone 
evaporates due to its low boiling point at ambient 
temperature. This process can be accelerated by a slight 
increase in temperature to about 50 °C. The water-
insoluble polymer forms the particles in the aqueous 
environment and the hydrophobic dye nile red is 
encapsulated (see Figure 4).  

 
Figure 4. Formulation and loading of the polymeric nanoparticles.  

Finally, step (3) of the series focuses on the degradation 
of the particles and the release as an important step to 
ensure the targeted effect (see Figure 5).  

 

Figure 5. Degradation of the polymeric nanoparticles and release of nile 
red.  
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In principle, the release can be induced by different 
stimuli, such as magnetism, light, use of enzymes, heat or 
pH value changes [12,13]. For the implementation in 
school, the degradation of particles and the release of nile 
red is realized under alkaline conditions. Addition of 
sodium hydroxide solution to the particle suspension 
results in saponification of the hydrophobic polymer 
PδVL and finally release of the dye. Because nile red is 
not soluble in water, it precipitates over time, which can 
be followed visually after about 30 minutes. The ester 
hydrolysis responsible for the degradation of the particles 
links to the students' prior knowledge in chemistry [4].It is 
also known from biology lessons that there are different 
pH ranges [14,15,16,17,18] in the body and in cells (see 
Figure 6). This represents the content-related background 
for the pH-dependent release. Transferred to the taxi 
analogy, the release represents the arrival at the 
destination, destruction of the vehicle and the passenger 
getting out of the taxi.  

 
Figure 6. Some exemplary pH values in the human organism.  

3. Digital Learning Module  

After introducing the topic of nanomedicine and 
displaying the experiments developed for school usage, a 
digital learning module will be presented that was created 
to enhance students’ engagement with the topic. First, the 
basis of the digital learning module, a differentiation grid, 
and the layout of the module will be explained. Second, 
the different tasks of the learning module and the material 
used for it will be described. Finally, results of first testing 
will be presented, and an outlook will be given concerning 
the further usage of the module.   

3.1. Creation of a Digital and Complexity-
Differentiated Learning Module 

3.1.1. What is a Differentiation Grid? 
A differentiation grid is a model that combines 

cooperative and individual aspects of learning. It has been 
developed for planning lessons in heterogenic learning 
groups as part of a school trial [19] and was adapted later 
on for the usage in different subjects [20]. While all 
students participate in the same topic, planning this topic 

according to a differentiation grid provides the students 
with the opportunity to engage with the topic in their own 
individual way [3]. In order to do so, first, the topic and its 
different aspects are cooperatively analyzed for fitting and 
useful learning content (i.e. in form of a Mind- or 
Concept-Map). While doing so, the learning contents can 
already be divided into multiple possible sub-topics, 
summarizing, and including some of the relevant aspects 
that have just been analyzed. Secondly, from these 
possible sub-topics a few are chosen to represent an 
increasing thematic complexity of a topic. This means that 
the topic is divided into several different sub-topics with 
growing complexity, ranging from a superficial to a deep 
understanding of the topic [21]. From the point of view of 
chemistry education, a contextual approach [22] can be a 
good introduction point, with connections to students’ 
everyday life. After that the sub-topics gradually go 
deeper, from developing the chemical aspects of the 
context to a more abstract understanding of the science 
behind it. Finally, aspects of these sub-topics are 
subsequently differentiated according to a growing 
cognitive complexity [23]. While there are different 
approaches on how to measure this cognitive complexity, 
we mainly focus on Bloom’s revised learning taxonomy 
as suggested by Anderson et al. [24]. These considerations 
result in a grid with fields arranged horizontally by 
thematic complexity on the x-axis and fields arranged 
vertically by cognitive complexity on the y-axis (see 
Figure7).  

 
Figure 7. General layout of a differentiation grid. 

For each field a learning task is constructed [25]. This 
means that from the differentiated aspects of the sub-
topics learning goals for each field are derived and 
learning material is constructed. This results in tasks of 
varying complexity, with the supposedly easiest tasks in 
the lower left corner and the supposedly most difficult 
tasks in the upper right corner. This way, learners can self-
assess their best approach to the topic and can freely 
choose the fields they like to carry out. Obligatory and 
facultative fields can be named, the grid can also vary in 
size. The duration for conducting a differentiation grid 
varies depending on the size and number of compulsory 
fields selected. 

3.1.2. From the Differentiation Grid to a Digital and 
Complexity-Differentiated Learning Module 

For our purposes a 3 x 3 differentiation grid is used as 
the basis to create a digital and complexity-differentiated 
learning module. This means that this module includes 
nine tasks of different cognitive and thematic complexity. 
Two task types have been distinguished: One that includes 
an experiment as an integral part of knowledge acquisition 
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and another that focuses mainly on theoretical aspects and 
uses models and other info material. 

The learning goals of each task of the grid have been 
chosen so that they tie closely to our local curriculum [26] 
but also include aspects of general interest to the public. 
Titles of the tasks have been chosen to spark interest and 
further engagement while also hinting at the contents or 
the goal of the task. Each task is structured into four steps 
[27]: (1) The learners familiarize themselves with the 
relevant aspect of the sub-topic. Depending on the level of 
cognitive complexity this can be used for e.g., 
conceptualization, exploration or problematization of the 
relevant aspect [28]. (2) The learners create a learning 
product. This means that they (a) document their learning 
results from step (1) (b) build up knowledge from theses 
learning results and (c) solidify their new knowledge. 
Scaffolded exercises are often used to support this process. 
Step (3) is optional and includes further help or assistance 
in conducting step (2). In the last step (4) learners can 
compare their learning product with a suggested solution, 
correct possible mistakes or check alternatives.   

A Multitouch Learning Book [29] was then chosen to 
construct a digital and complexity-differentiated learning 
module: By using the app “Pages” (only available on 
devices with iOS) an interactive eBook can be created that 
uses internal and external links for navigation. The grid 
itself serves as a table of contents; students can choose 
each task by clicking on the respective title of the task in 
the grid. Each page of a task includes all material needed 
for solving all four steps of the task (see Figure 8).  

 
Figure 8. Exemplary page of task A1 of the digital learning module. 

The eBook has been created with the intention of 
reducing possible extraneous cognitive load to a minimum 
and using principles researched by Mayer et al. [30]. 
Buttons surrounded by a rounded square can be clicked on. 
Black squares signal general function, red squares (on the 
left) represent material needed for solving the task, 
turquoise squares (on the right) signal actions needed to 
finish the task. Symbols were used to represent the 
meaning of the buttons (e.g., a rocket for starting the task 
or a question mark for a help button). Colours were used 
as scarcely as possible and mainly for colour coding the 
sub-topics and their tasks (A = blue, B = green, C = gold). 
Central to each page is a representative picture for the task. 
The headline shows the sub-topic, name and number of 
the task as well as the button for starting and pausing the 
field and general information (type of task and 
approximate duration). The foot line holds the name of the 
module and logos of the associated research initiatives 

plus two general buttons (overview of the symbols, return 
to differentiation grid). 

The learning material was created using the Microsoft 
Office Suite (Words, PowerPoint) and in the case of the 
learning videos additional software (OBS Studios, Adobe 
Premiere Pro). Interactive tasks and help buttons were 
created using external websites (learnignapps.org, 
thinglink.com). Videos and documents can be accessed 
using the cloud service of our university (via Nextcloud, 
cloud.uni-jena.de). The eBook is accompanied by a small 
analogue exercise book with a page for each task of the 
grid (as described above in step (2)).  

The students each use an iPad and the app „Books“ for 
accessing the digital learning module. Apart from the 
eBook itself, access to the internet and a web broser (e.g., 
Safari) are necessary to work with the learning module. A 
self-created online tool is used for documenting the order 
and length of the tasks and can also provide a small 
evaluation tool upon completing the task. Students work 
in pairs and also start, pause, and end their field manually. 
The estimated time for conducting this learning module is 
roughly three hours. A minimum of four tasks is expected 
to be completed in this time. 

Consulting the SAMR-model [31] we tried to use 
digital media in the most advantageous way: Some aspects 
of the digital learning module improve the tasks (e.g., 
digital experimental instructions) and some modify or 
even redefine the tasks (e.g. learning videos, interactive 
tasks and fields). An analogue exercise book was chosen, 
because there was no specific advantage in a digital 
variant. The students can take the exercise book home and 
use the exercises as a basis for further engagement with 
the topic in regular school lessons. 

The usage of a digital and complexity differentiated 
learning module, according to our new concept for the 
organic integration of digital media into all areas of 
chemistry education (digitalchemlab [32]), has been 
successfully tested within our work group and the student 
laboratory affiliated to it [33]. The differentiation matrix 
for the digital learning module “Nanomedicine” and its 
contents will be described in the following. 

3.2. Description of Tasks and Experiments 
The differentiation grid is composed of three sub-

topics each containing three tasks with increasing 
complexity. The grid and its nine tasks can be seen below 
(see Figure 9). 

 

Figure 9. Differentiation grid on the topic “Nanomedicine”. 
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3.2.1. A: “Nanoparticles in Medical Appplications” 
Sub-topic A is composed of tasks treating the topic 

“Nanoparticles in Medical Applications”.  
Using a video in cartoon style displaying a doctor-

patient conversation, task A1 introduces basic ideas of 
drug delivery. It thus introduces issues of the systemic 
use of medical drugs such as side-effects and high doses 
of the active substance. This problem-oriented approach 
leads to a tangible access to the topic of drug delivery. 
The learning target of task A1 is as follows: Students can 
describe the problems of systematic medical drug usage 
and explain the advantages of targeted drug delivery.  

Task A2 introduces the size dimension “nano” and 
nanoparticles. The key properties of nanoparticles, 
namely their size make them very suitable for their 
application in drug delivery processes. The learning 
target of task A2 is as follows: Students can estimate the 
dimension “nano” and can illustrate useful properties of 
nanoparticles.  

Task A3 is a fictional case study in which the students 
have to select the correct combination of a fictional carrier 
material and a fictional medical drug. The DDS is 
supposed to be used in the treatment of a patient’s 
pancreatic cancer. The task is built up as a puzzle in which 
the students must combine the fitting properties of the 
carrier material, the medical drug, and the human body. 
The learning target of field A3 is as follows: Students can 
determine a suitable DDS by analysing the properties that 
have an influence on the selection of a DDS.  

3.2.2. B: “Formulating Polymeric Nanoparticles” 
Sub-topic B is composed of fields treating the topic 

“Formulating Polymeric Nanoparticles”.  
Task B1 deals with the class of polymers in general. 

Basic terms, properties and concepts are explored in a 
short learning video, while the students have to solve a 
cloze text. The learning target of task B1 is as follows: 
Students can explain fundamental properties of the class 
of polymers and are able to illustrate the reaction type 
“polymerization”.  

Task B2 includes the experiment above described as 
step (1) in which the polymer PδVL is synthesized via 
ROP from the monomer δVL. Because these processes are 
invisible from just the observations of the experiments, a 
commented animation video illustrates the process on a 
molecular level. The learning target of task B2 is as 
follows: Students can synthesize the starting 
materialPδVL for formulating nanoparticles and describe 
the process on a molecular level.  

Task B3 includes an experiment in which PδVL-
nanoparticles are formulated by using the solvent 
exchange method similar to step (2) but without nile red. 
A model experiment in which the different states of the 
system ((a) polymer, (b) polymer in solvent and (c) 
polymer in non-solvent) are compared with each other 
supports the students in understanding this approach of 
formulating nanoparticles. The learning target of task B3 
is as follows: Students can formulate polymeric 
nanoparticles via the solvent exchange method and 
analyse the process on a molecular level.  

 

3.2.3. C: “Drug Delivery Systems” 
Sub-topic C is composed of fields treating the topic 

“Drug Delivery Systems”.  
Task C1 depicts the formulation and loading of 

nanoparticles on the molecular level and combines it 
with the experimental procedure as described above in 
step (3). The learning objective of task C1 is as follows: 
Students can explain the formulation and loading of 
nanoparticles with an active substance (or dye) on the 
molecular level.  

Task C2 includes an experiment in which PδVL- 
nanoparticles are formulated and loaded with nile red 
using the solvent exchange method, as described above in 
step (2). The existence of the loaded nanoparticles can be 
made visible by the Tyndall-Effect. The learning target of 
task C2 is as follows: Students can formulate and load 
PδVL-nanoparticles via the solvent exchange method and 
can interpret their observations made via laser pointer.  

Task C3 includes an experiment in which the release of 
loaded nanoparticles is explored. For this, nanoparticles 
loaded with the dye nile red are treated with a sodium 
hydroxide solution, as described above in step (3). The 
polymeric nanoparticles are saponified and thus degraded 
leading to the release of nile red. The learning target of 
task C3 is as follows: Students can experimentally 
degrade the polymeric nanoparticles, release dye from 
loaded nanoparticles, and discuss how a different pH 
value leads to different results.  

3.3. Planned Usage and Outlook 
The included experiments and their accompanying tasks 

have been already tested (see Figure 10) with various 
student groups [4].  

 
Figure 10. A student who is checking the Tyndall effect after 
formulation of polymeric nanoparticles.   

The digital learning module “Nanomedicine” itself 
will be first tested with teachers and fellow researchers in 
September 2023. Due to the novelty and complexity of the 
subject and the used methods we first want to capture the  
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perspective of experts on the matter. After a short revision 
phase the module will be evaluated with students in our 
student laboratory. The evaluation will focus on the 
interest and experienced emotions while conducting the 
learning module. Furthermore, understanding of the 
knowledge and concepts regarding nanomedicine will be 
tested. Quantitative and qualitative methods will be used.  

After a short revision phase in accordance with the 
cyclic design of the Model of Educational Transfer 
Research, the module will be disseminated to students, 
student teachers, and teachers. The goals is to familiarize a 
wider audience with both the topic and the learning 
module itself. After that the digital learning module on 
nanomedicine will be used regularly in our student 
laboratory and the included materials will be applied in a 
variety of ways in courses for (student) teachers. You will be 
able to find the material via a CC-BY-licence on our website 
(https://www.chemgeo. uni-jena.de/chemiedidaktik). 

4. Conclusion 

This article aims to introduce interested readers to the 
topic of nanomedicine and to show applications for using 
this current and research-related topic for chemistry 
education. In order to do so, experiments were created that 
show the synthesis of a base polymeric material, the 
formulation of polymeric nanoparticles and the loading 
of a model active substance (dye). The destruction of the 
nanocarriers and the targeted release of the dye can also be 
shown in an experiment. These experiments and further 
learning material were then used to create a digital 
learning module on the topic of nanomedicine 
implementing the model of a (digital) differentiation grid. 
As this topic, the developed experiments and the newly 
created digital learning module are all subject to further 
research, it remains to be seen how this topic and the 
developed materials can be introduced into regular 
chemistry lessons. First results from conducting the 
experiments in our student laboratory show much promise 
that this topic has great potential for interested students 
and teachers to engage in this area of current research. By 
developing a digital and complexity-differentiated 
learning module we hope to enhance students’ motivation 
to interact with the science underlying it and thus make 
this topic accessible to learners of all different 
backgrounds.  
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