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Abstract

New assessment approaches for medicinal chemistry in an introductory course within the pharmacy curriculum are presented. A required introductory pharmaceutical sciences course specific for first year entry-to-practice pharmacy (PharmD) students was developed concurrently within the mandated online learning environment of COVID19. Instead of in-person or online examinations for the medicinal chemistry section, students were required to complete online assignments over the semester. The first series of assignments involved interpretation of a series of specific drug-target PDB structures, using molecular viewing software, to devise new drug analogues, and to rationalize the structural modifications based on proposing specific molecular interactions with the target, with structures being submitted to an online portal as SMILES codes. The final assignment required students to create an online three-minute video describing a specific drug – target interaction, the mechanism of action, structure-activity and additional considerations (adsorption, distribution, metabolism, excretion, toxicity) relevant to the specific drug. In subsequent academic years, the same course was delivered in-person to the first year pharmacy students and quantitative feedback collected. Specific questions were posed in addition to those evaluating the instructor, to better understand the student perspective on the assignments. Initial qualitative feedback was highly supportive of the assignment-based assessment strategy. In subsequent years the student feedback was quantified, and the data indicated that the students preferred the assignments over multiple choice or short answer examination assessment.
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Introduction
The pharmaceutical sciences (herein defined to include pharmaceutics, pharmacokinetics and medicinal chemistry) represent a significant component of an entry-to-practice pharmacy degree, and the depth of this detailed knowledge base distinguishes, in part, pharmacists from other healthcare professionals. Student perceptions are that for a career in pharmacy, pathophysiology, disease focus and the patient-care process are significantly more relevant. However, the underlying need to develop critical thinking skills through the pharmaceutical sciences remains as relevant as ever.1 Active learning strategies are documented to improve student performance in Science, Technology, Engineering and Mathematics (STEM) courses.2 Guided inquiry approaches, where courses are designed to facilitate student exploration of the medicinal chemistry subject material represent one approach to active learning.3–5 Chemistry is often highly visual, with its own unique language (that of molecular structure). The deposition of drug-target three-dimensional structures to the protein databank (PDB) has provided significant insight into the pharmacodynamic aspects of drugs that can be observed readily and visually. Specific courses for upper level chemistry students often explore the roles of chemistry in the drug discovery arena using molecular visualization.6,7 
Several articles have described the effects of switching from a classroom education to a virtual environment as a consequence of COVID19. COVID19 disrupted our traditional in-person learning environment and provided new opportunities to investigate online delivery of medicinal chemistry.6,8–10 
In this article, a more visual approach towards teaching medicinal chemistry utilizing drug – target interactions is described, in part as a consequence of the virtual teaching environment mandated by COVID19. The approach supplemented traditional lecture-based materials with the visual aspects of medicinal chemistry to provide alternate learning opportunities for pharmacy students. In particular, student assessment was accomplished using hands-on problem solving assignments, and the creation of short online scientific videos, rather than traditional multiple-choice questions and short answer examinations. The course components described herein were developed prior to the publication of computer-aided drug design courses described by Yoder11 and Kelley12 where those courses were designed as either organic chemistry laboratory experiments or a course for high school students. The course outline presented by Tantillo7 was a second course for undergraduate chemistry students in a pharmaceutical chemistry degree, providing greater depth in the process of computer aided drug design. The course described herein is taken by future healthcare professionals (pharmacists), thus the focus was on providing a broad exposure to a variety of clinically used drugs, a variety of different drug targets (enzymes, receptors and nucleic acids), and analyzing how those drugs interact with the drug target at the molecular level, with an aim to build mastery of molecular interactions, whilst being cognizant of the need to minimize the variety of software packages and websites to be accessed, given the confines of the course within the academic breadth of the pharmacy program. The novel use of SMILES codes enabled straightforward processing of submitted materials whilst video assessment provided verbal and artistic mechanisms to assess an understanding of chemistry.
Course design and implementation

Foundations in pharmaceutical sciences is a 6-credit hour course taught in the first semester of the accredited PharmD program at Dalhousie University. It is split into three equal sections: pharmaceutics, pharmacokinetics and medicinal chemistry. Each of the sections is taught concurrently during the first semester of the four-year program. Each of the sections is taught by a different academic staff member (instructor) with specialization in their respective discipline. The aim of the course was to provide pharmacy students with foundational skills of each scientific discipline, to be applied throughout the remaining 3.5 years of the program, where the pharmaceutical sciences are integrated into problem-based learning studies.13,14 The course aims and learning outcomes satisfied the specific accreditation requirements of the Canadian Council for Accreditation of Pharmacy Programs (CCAPP). The switch to online delivery and examination for the fall of 2020, as a consequence of COVID19 risk mitigation measures, necessitated the configuration of the medicinal chemistry section in two ways. First, to provide students with problem solving assignments, in an attempt to enhance engagement with course material15 and, second, to reduce examination anxiety through utilization of assignments throughout the semester for the medicinal chemistry component. 
The medicinal chemistry section of the course was designed with ten topics, based on standard introductory medicinal chemistry concepts (Table 1 and SI, Section 1), and following a recently published textbook by Dunlap and Huryn16 available online through institutional resources. At the outset of each recorded asynchronous didactic lecture learning outcomes were listed (see SI, Section 2 & 3), then a drug discovery program for a specific drug was described, to provide a specific example of drug discovery, and also to explain how the drug bound its target (Figure 1). A link to an online video (~ 4 min duration) describing the drug – target interactions was included for students to review outside of class. The chosen drug example highlighted aspects of the weekly topic to reenforce learning. In addition, throughout the course, drugs were chosen to cover a broad selection of diseases, drug targets and sources of discovery. The lecture materials concluded with one or two review or application questions for students to apply their new knowledge out of class, in an attempt to engage diverse student learning approaches, cognizant that the in-class lecture materials were not being evaluated through direct examination. Finally, an assignment based on the drug discussed at the outset of the lecture was described where students designed an improved analogue of the drug and rationalized how the structural change would interact with the drug target. Rubrics for assignments were included (see SI, Section 4). The students were reminded that the molecules had to have appropriate chemical bonding (no five-valent carbon atoms!). There was no expectation that the students had to computationally evaluate their analogue binding to the target, as this was outside of the scope of the class and the skills of the pharmacy students. The students submitted the Simplified Molecular Input Line Entry System (SMILES) code of their analogue together with a written explanation describing how the analogue would interact with the drug target, describing reasonable intermolecular interactions between the analogue and the target. At the end of each lecture, there was class time allocated for those students who had questions to ask them in a tutorial-like or one-on-one environment. At the outset of the course, the students were shown how to access the protein database, how to access the literature using Pubmed, or SciFinder, and also how to use freely available molecular viewing software (see SI, Section 5). Access to (online) textbooks was also described. A short rubric was provided to the students to guide them with the assignments (see SI, Section 4). The first assignment familiarized the students with the creation of molecules using molecular viewers and the submission of SMILES codes to an online form. Students did not have to create each drug structure from scratch, but were able to recall structures from an online library. The vast majority of students accomplished online submissions in a timely manner. Each week the assignments were evaluated and brief feedback comments provided. Initially, analogues submitted by the students were computationally evaluated for target binding by the course instructor, however it was often challenging for the students to create a potent analogue without the ability to perform their own modelling and so this was discontinued. The final (tenth) assignment required students to select a specific drug from a pre-screened list of drugs for whom there was a known PDB entry and an appropriate literature reference as a learning tool (see SI, Section 6). The choice of drug was first-come first served, with more drugs than students, ensuring choice for all. No two students were permitted to submit an assignment on the same drug. The list of drugs was made available mid-way through the semester, and students were encouraged to complete the assignment during the fall study break, cognizant that a significant amount of time could be required to conduct the necessary research. Brief guidelines were provided to the students to inform the creative process. The students were free to choose whatever software, websites or tools they felt comfortable with, however, the class instructor provided brief online video tutorials for the freely available Molsoft suite of chemical tools. Students were permitted to discuss and plan assignments together in groups, recognizing that there were different levels of chemical knowledge in the class (a few students have completed a B.Sc. chemistry or M.Sc. degree prior to the pharmacy program, whilst the program prerequisite was completion of a second semester of organic chemistry (B-)) and this provided an informal opportunity for peer-to-peer learning. Nevertheless, each student had to submit their own individual response. Assignments were submitted weekly, however, despite frequent reminders, there were consistently one or two different students who were late submitting responses. This impacted providing feedback to the class in a timely manner. Feedback to the class comprised of a single document comprising of anonymized assignment responses, specifically the structure and the written description, together with the mark and a sentence justifying the score (see SI, Section 7). Thus, the students were able to observe structures and rationale from all classmates, providing significant opportunities for learning. Anecdotally, the formation of a hemiaminal, either by directly drawing a hydroxyl substituent to a carbon from which a nitrogen atom is also bound, or by reducing an amide carbonyl to a hydroxyl, were consistent unstable drug modifications, usually happening once or twice per assignment. Another consideration that was sometimes overlooked was including stereochemistry when appending an additional functionality to an alkyl chain or ring. These factors did not preclude students from being scored for their description of the potential interaction from the functionality that was introduced. From the instructor perspective, the initial assignments clearly engaged students with the material and the final video assignment demonstrated a high degree of interest by the students. Creativity was actively encouraged as part of the video assignment, with one of the more memorable assignments being sung! The video assignments had a strongly recommended time limit of three minutes. This ensured students were concise and focused with their submissions. Those that submitted significantly longer assignments were actively encouraged to resubmit. 
	Table 1. Medicinal chemistry topics 
	
	

	Topic week
	Topic title
	Drug 
	Target
	Disease state

	1
	Drug discovery: hit and lead identification
	Artemisinina
	Multiple within Plasmodium falciparum
	Malaria

	2
	Lead optimization: drug-target interactions and the pharmacophore
	Imatinib
	BCR-ABL kinase
	Cancer

	3
	Lead optimization: properties optimized and medicinal chemistry strategies
	Rivaoxaban
	Factor Xa
	Anticoagulant 

	4
	The process of developing a drug from an optimized lead
	Linezolid
	Bacterial ribosome
	Antibacterial

	5
	Drug metabolism
	Fluoxetine
	Serotonin transporterb
	Antidepressant

	6
	Receptors, ion channels, and transporters as drug targets
	Ramelteon
	Melatonin 1 receptor
	Insomnia

	7
	Enzymes As Drug Targets Part 1
	Enalapril
	Angiotensin converting enzyme
	Blood pressure

	8
	Enzymes As Drug Targets Part 2
	Vorinostat
	Histone deacetylase inhibitor
	Cancer

	9
	Protein-protein and lipid structure interactions as drug targets
	Maraviroc
	CCR5 
	HIV infection

	10
	DNA and RNA as drug targets
	Mipomersen
	Apolipoprotein synthesisc
	Homozygous familial hypercholesterolemia

	a  No drug design was expected. Students became familiar with online structure retrieval, modification and SMILES code generation. 
b A bacterial homologue of the serotonin transporter was utilized.
c Mipomersen is an antisense oligonucleotide. No analogue generation was expected.
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Figure 1. Example of data depicting the structure of imatinib bound to BCR-ABL kinase (PDB: 2HYY). Left: visualization using freely available molecular viewing software (Molsoft); Right a 2D ligand diagram of the same complex. Amino acid residues are depicted by single letter codes. Hydrogen bonding regions are shown as blue with dotted lines to residues, hydrophobic interactions appear as green and areas where molecular interactions are not optimized are shown as gray. Students were also provided with access to a 3D video showing the drug-target interactions. A larger version of the figure to the right is included in the SI.
Student responses to evaluation 
Dalhousie University has a standardized evaluation of instructors that occurs each term, with set questions about the course content, academic delivery and quality of instruction. In addition, course instructors are permitted to create additional questions, asked after the standardized questions. In the first iteration of the course (fall 2020) only qualitative comments were sought of students. The qualitative comments were generally positive and appreciative of the alternate method of evaluation given the alternative of online examinations. In the two subsequent years, when class delivery was in person, an aim was to more quantitatively evaluate student responses; thus, specific items were prepared to probe student perception on how the medicinal chemistry content was evaluated in the course, in addition to providing a free-form opportunity to provide qualitative comments. Table 1 lists the specific items asked. The response rate was over 50% for quantitative responses in both years and the statistical data are provided in Figure 2 and Table S2. Reviewing the numerical responses, both classes felt the online drug design assignments provided opportunities to apply concepts from course, however, the 2022 class were less enthusiastic than the 2021 class. Both classes felt the online video assignment was of benefit, again the 2021 class was more enthusiastic (4.3 and 3.8 out of 5). Interestingly, however, the 2022 class felt more confident towards using the concepts as they progressed through the PharmD curriculum, where medicinal chemistry, pharmaceutics and pharmacokinetics is integrated with therapeutics in a problem-based learning environment. The question that asked whether students would prefer another course with assignment-based evaluation prompted a significant difference between the two classes. The 2022 class scored slightly below neutral in their response, whilst the 2021 class was a whole integer point more positive. The final question probed whether the assignments were preferable to traditional MCQ / short answer examination questions and here the largest difference between the two cohorts was observed, with the 2021 class being very enthusiastic towards the assignments and the 2022 class less enthusiastic. The differences between the numerical scores in Figure 2 (Table S2) for the two years taking the course may reflect the wholly online environment in 2021, whereas in 2022 students were face-to-face in the classroom. The written comments offered after the numerical questions were revealing. The comments sections were split into different parts: those aspects that helped with learning, and those aspects that could have been improved. About 30 responses were provided in each section. The written comments that supported learning were positive, and the students enjoyed the opportunity to perform their own research and devise their own ‘drug’ and also being assessed in lower-stakes environments. The comments that described how learning could be better supported requested more detailed rubrics for the assignments. Others requested more variety in the types of assignments. The lack of assessment on the materials presented during lectures was also considered a detriment by some students. From the position of course instructor, the use of the assignment methodology described herein, was a significant departure from short answer and multiple choice questions traditionally used to assess pharmacy students. One advantage is that student accommodations are significantly reduced in comparison to standard exams. Academic integrity is more likely upheld, given the bespoke nature of the assignments. For the eight drug-interaction assignments, student ideas and responses became more complete, as observed by increasing mean scores on the assignments over the semester (data not included). Students developed skills in assessing the literature and creating their own narrative and had complete ownership of assignment ten. The video responses clearly demonstrated that students were able to apply the concepts practiced during the earlier assignments. They were able to describe functional groups and potential interactions between drug and target and summarize key pharmacodynamic properties of the drug. Subsequent to the entire online course in 2021, where in person interaction with students was not approved, several students sought assistance to confirm that they were on the correct track with the assignments. These discussions were more satisfactorily resolved in person, and almost always within a couple of minutes. Students left looking happier and having greater confidence with the medicinal chemistry concepts.
	Table 2. Instructor item relating to the course materials. These followed the standardized institutional questions (not provided). 

	Item
	Instructor item

	1
	The online medicinal chemistry assignments (assignments 1 - 9) involving drug design gave opportunities to apply course concepts including drug-target interactions

	2
	The online medicinal chemistry assignment, (assignment 10) investigating a single drug and preparing an online video, gave opportunities to apply course concepts including exploring the mechanism of action of the drug

	3
	After completing the online medicinal chemistry assignments, I feel more confident for the medicinal chemistry components of the integrated problem-based learning cases

	4
	Would you prefer to take another course with this type of assessment

	5
	The online medicinal chemistry assignments involving drug design were preferable to traditional classroom-based written exams (e.g. MCQ / short answer)
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Figure 2. Quantitative response to instructor items. Each item is listed in Table 2. A tabular version of the data is included in the SI.

Closing thoughts
In this paper, a different evaluation approach for an introductory medicinal chemistry to pharmacy students course was described where analysis of drug-target 3D structures was an active learning strategy, and assessment was not based on closed-book examinations. Assignments were based on analyzing drug-target interactions and creation of new potential drug analogues. The assignments culminated in a recorded video describing a particular drug and how it interacts with the drug target. This non-traditional approach to student assessment was borne out of necessity as a consequence of COVID19, but has remained in place subsequently because of the generally positive feedback from students towards the active learning approach and the assessment style. It is hoped that by disseminating these results, that the description of the course empowers other instructors to use alternative approaches for active student learning and assessment in introductory medicinal courses for pharmacy students.
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