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ABSTRACT Undergraduate research experiences (UREs) cultivate workforce
skills, such as critical thinking, project management, and scientific communication.
Many UREs in biophysical research have constraints related to limited resources,
often resulting in smaller student cohorts, barriers for students entering a research
environment, and fewer mentorship opportunities for graduate students. In
response to those limitations, we have created a structured URE model that uses
an asynchronous training style paired with direct-tiered mentoring delivered by
peers, graduate students, and faculty. The adaptive undergraduate research train-
ing and experience (AURTE) framework was piloted as part of the Brown
Experiential Learning program, a computational biophysics research lab. The pro-
gram previously demonstrated substantial increases and improvements in the
number of students served and skills developed. Here, we discuss the long-term
effectiveness of the framework, impacts on graduate and undergraduate students,
and efficacy in teaching research skills and computational-based biophysical meth-
ods. The longitudinal impact of our structured URE on student outcomes was ana-
lyzed by using student exit surveys, interviews, assessments, and 5 years of
feedback from alumni. Results indicate high levels of student retention in research
compared with university-wide metrics. Also, student feedback emphasizes how
tiered mentoring enhanced research skill retention, while allowing graduate men-
tors to develop mentorship and workforce skills to expedite research. Responses
from alumni affirm that workforce-ready skills (communicating science, data man-
agement, and scientific writing) acquired in the program persisted and were used
in postgraduate careers. The framework reinforces the importance of establishing,
iterating, and evaluating a structured URE framework to foster student success in
biophysical research, while promoting mentorship skill training for graduate stu-
dents. Future work will explore the adaptability of the framework in wet lab envi-
ronments and probe the potential of AURTE in broader educational contexts.

KEY WORDS experiential learning; protein structure–function; undergraduate
research; computational biophysics; mentoring

I. INTRODUCTION
Undergraduate research experiences (UREs) play a vital role in pre-

paring students for careers (1, 2). The UREs promote career readiness
by cultivating workforce skills such as critical thinking, project man-
agement, and scientific communication (3–5). The UREs are also sig-
nificant indicators of early career success in science, technology,
engineering, and mathematics (STEM) fields, including biophysical
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research (6). Students who participate in UREs
have increased retention in respective majors
and increased success in academic environ-
ments (1–3, 6, 7). One of the primary drivers of
these benefits is the mentoring students
receive from faculty and graduate students,
while participating in research (1, 8, 9). For bio-
physics mentoring, the literature indicates the
importance of consistent, early mentoring in
retaining biophysics students in the field (10,
11). There are several models for structuring
undergraduate research, each with unique ben-
efits, challenges, and mentoring styles that
affect student outcomes. The predominant
models of undergraduate research are appren-
ticeship UREs and course-based undergraduate
research experiences (CUREs) (7). Examining
these models informs our methodology in cre-
ating our hybrid structure for a URE focused on
teaching computational biophysical research
tools and supporting independent student
research.

A. Apprenticeship UREs
The URE programs traditionally follow an

apprenticeship model (7). Students typically
meet and are mentored directly by the lab’s prin-
cipal investigator (PI) or a graduate student. The
typical number of undergraduate students in
these programs is limited due to the high
resource cost of individualized mentoring and
teaching (12, 13). A survey of biomedical research
labs indicates that only 40% of research faculty
surveyed had had more than 10 undergraduate
students over a 5-year period (14). In an appren-
ticeship-style program, students are closely men-
tored on a highly individual basis, allowing them
to quickly learn both research methodology and
durable skills, such as time management, com-
munication, and scientific intuition skills (15).
These programs excel in creating strong men-
tor–mentee relationships and providing hands-
on learning opportunities for the students (15).
At research-focused institutions (R1s), graduate

students play a significant role in enhancing the
URE, while also developing a mentor–mentee skill
set (11, 16, 17). Graduate students also benefit

directly from mentoring undergraduate research
students, because undergraduate students can
assist in generating and preparing data for the
graduate student’s dissertation (8). Through men-
toring undergraduates, graduate students can
become more adept in communicating science,
project management, and other durable skills
that will help them in future careers in any career
sector. An important skill gained by graduate stu-
dents in mentoring undergraduates is managing
projects with multiple students working together
who often have differing skill levels and interests
(18). Allowing graduate students to mentor early
in scientific careers also builds confidence in con-
tinued leadership roles (19).
Apprenticeship URE models in biochemical

and biophysical research often face challenges
due to limited resources, resulting in smaller-
sized student cohorts (12). There are also
increased barriers for students to enter a
research environment, including a lack of
defined short-term outputs, little to no peer
mentorship, and difficulties transferring skills
from a laboratory course to a research environ-
ment (7, 20, 21). Finances also present a barrier
to undergraduate research; without funding
opportunities, many students cannot afford to
participate in summer research due to a lack of
on-campus housing or semester research due
to multiple obligations (22). In addition, men-
toring is time intensive for graduate students.
There is often limited communication regard-
ing outside resources for improving mentoring
skills (23), and rarely is time set aside to use
those resources. The lack of a defined structure
and trained mentors can lead to frequent
changes in expectations, which may cause
undergraduate researchers to feel frustrated
and burned out (8).

B. CUREs
In contrast to the variable nature of traditional

UREs, CUREs provide a highly structured path
toward learning and applying research skills (24,
25). These courses integrate research into a set
curriculum, often teaching broader research
skills, in addition to laboratory techniques (25,
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26). In CUREs, students ideate and perform
novel research on a smaller scale, with several
CUREs resulting in publications from the
research (26, 27). CUREs are effective in retain-
ing students in STEM and increasing student
confidence in research techniques (26, 28–30),
and CUREs also benefit by allowing a far
greater number of students to participate in
research, often having 15 to >100 students
per course. CUREs promote greater interdisci-
plinary work, due to more systematic training
and learning content (31, 32). The structured
nature of CUREs allows instructors at other
institutions or domains to easily adapt the cur-
riculum and research experience to fit the
learning objectives (26, 33).
Similar to traditional UREs, graduate students

can also play a significant role in CUREs. Recent
studies have shown that CURE graduate teach-
ing assistants (GTAs) have a high impact on
both the research outcomes and student out-
look on research (34, 35). Many GTAs focus on
durable skills, while others focus much more
on practical technical methodologies, affecting
students’ perceived confidence in the ability to
perform scientific research (35). GTAs have also
been shown to gain mentorship skills while
assisting in CUREs, although there is a greater
emphasis on technical problem-solving than
mentoring durable skills (1). CUREs can often
serve as recruitment for the faculty instructor’s
lab, allowing graduate students to find which
researchers they can form the strongest men-
tor–mentee relationships with to join more tra-
ditional URE (36).
Many CUREs face challenges in balancing

scales to promote long-term student research
outcomes (37). Recent surveys have indicated
that many of the skills learned in early CURE
courses may not be sustainable for the entirety
of a student’s degree program (38). There are
also challenges in maintaining adequate back-
ground and theoretic knowledge, while keeping
the course accessible to students from various
disciplines (31). As with traditional UREs, gradu-
ate students also feel underprepared to mentor
many students with little to no provided

guidance (39). These challenges present consid-
erable barriers for starting a robust CURE and
discourage widespread implementation.

C. A hybrid approach to
undergraduate research
To address the challenges present in both

apprenticeship UREs and CUREs, several pro-
grams use a hybrid model (7, 40, 41). These
research environments use the pedagogic tools
associated with CUREs to teach students
research skills, while retaining the open-ended
nature of apprenticeship UREs. The use of
familiar pedagogic tools can ease students into
the real-world research environment. The struc-
tured framework also allows more opportuni-
ties for students to participate with less direct
PI oversight, while better using graduate teach-
ing assistance and peer-to-peer mentoring to
promote collaboration further (42).
Building on this knowledge and in response

to the limitations of traditional UREs and CUREs,
we have created a hybrid framework for UREs
called the “adaptive undergraduate research
training and experience” (AURTE). This frame-
work has been piloted in our group, the Brown
Experiential Learning (BEL) program, focusing
on computational biophysics research. The
AURTE framework uses asynchronous training
paired with direct-tiered mentoring delivered by
peers, graduate students, and faculty and puts
heavy emphasis on workforce development. By
combining traditional pedagogic tools (syllabi,
graded assignments, and training modules) with
novel research and tiered mentorship, AURTE
successfully promotes positive short-term out-
comes in students. Our previous study showed
the efficacy of a prototype of AURTE in teaching
research skills and increasing student participa-
tion in BEL from the years 2010 to 2015 (43).
Over that same time, BEL also saw an increased
number of student coauthors on papers and pre-
senters at research conferences. After over 9 years
of active development and refinement of AURTE,
we are now equipped to perform longitudinal
studies to assess the framework’s efficacy in
teaching lasting research skills.
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This study intends to probe the long-term
effectiveness of the AURTE framework, its impact
on alumni and current students, and its efficacy
in teaching enduring research skills and compu-
tational-based biophysical methods. The longitu-
dinal impacts of this adaptive URE on student
outcomes are analyzed by soliciting feedback
from current and previous students. We also
examine retention in our group compared with
all broad metrics to evaluate the engagement of
our program and the ability to keep students
through their academic careers. By evaluating
our group in this way, we can assess the quality
of skills learned and our ability to scale our men-
torship capacity broadly. Through our evalua-
tion, we expect to generate new insights into the
long-term efficacy of hybrid research environ-
ments and intentional mentoring in promoting
positive student outcomes both academically
and beyond graduation. We also expect to gain
valuable insight into the effectiveness of our bio-
physical educational programs in teaching last-
ing, career-oriented biophysical research skills.
Here, we share insights into how the AURTE

framework promotes positive mentor–mentee
experiences for graduate and undergraduate
students. We also discuss how others could
implement the AURTE framework into UREs.
This knowledge can inform the iterative
improvement of AURTE and the design of
future UREs at R1s. We expect AURTE to be
useful for primarily undergraduate institutions
because our training content can easily be
adapted to a more CURE-focused curriculum
that is generally found in primarily undergradu-
ate institutions.

II. SCIENTIFIC AND PEDAGOGIC
BACKGROUND

A. Continuation
Several components of AURTE have remained

consistent in the BEL program since 2016 (43).
Providing shared group expectations, a syllabus,
weekly lab meetings, and the semester’s final
deliverables (final paper and presentation) have
continued to be successful and effective in

delivering content to students and evaluating
performance (43). However, several aspects of
the AURTE framework have been expanded or
added to ensure more sustainable outputs and
increase scalability without sacrificing student
learning or flexibility.

B. Training semester and module
development
Key to the AURTE framework is the inclusion of

holistic training, covering both general theory and
computational biophysics specific methodology.
Previously, students in the BEL program were
trained primarily in the methodology needed for
the assigned research project. Having highly spe-
cialized students created difficulties when trying
to promote peer-to-peer assistance. Also, the
responsibility of training undergraduate students
was split between the PI, a graduate student, and
the lab manager, leading to wildly varying rigor,
expectations, and timelines for first-semester stu-
dents and resulting in inequitable training experi-
ences. To solve these issues, students in the BEL
program now spend the entire first semester train-
ing and performing a microresearch project in an
environment that uses many elements of CUREs,
including graded assignments and predefined
modules (Table 1). After completing the training
semester, subsequent semesters remove some of
the strict guidance, and students begin working
with a graduate student on a research project.
Including a training semester allows students to
learn new skills in an environment in which
mistakes are expected, without the pressure
of working against critical deadlines. Many stu-
dents complete the modules faster than others;
however, the flexibility the modules provide helps
enable success in students from various disciplines
with varying levels of background familiarity. The
training semester also provides students with a
broad knowledge base of computational bio-
physical techniques. With a broad set of bio-
physical methodologies, students exit training
more equipped to help each other and consult
with outside collaborators for computational
needs more efficiently.
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Canvas, the primary learning management sys-
tem used at Virginia Tech (Blacksburg, VA) hosts
our online training. Several modules have been
developed as part of a consistent first-semester
training experience. Previous studies show that
modular learning content effectively trained stu-
dents in protein–structure fundamentals (31, 36).
The BEL program has developed modules to train
students in various research skills and biophysical
techniques. The modules were designed to be
online and self-paced to ensure that students
could learn asynchronously. The computational
nature of our lab allows us greater flexibility with
asynchronous learning and has enabled many
students to complete assignments in a way most
conducive to a preferred learning style. The asyn-
chronous working environment proved invaluable
during the pandemic, because the modules could
be completed fully remotely and allowed the pro-
gram to maintain operation and recruitment,
despite being fully remote. The modules are split
into 2 broad categories, advanced research skills
(ARS) modules and computational biophysics
modules. Virginia Tech University Libraries have
developed the ARS modules and provide domain-
agnostic research skills (44; Table 2). These provide
all students with a fundamental foundation of
research skills and have been heavily used in other
experiential learning groups and first-year experi-
ence courses. Students also receive digital creden-
tials by completing the ARS modules, helping
students in first-year experience courses receive
URE opportunities outside of BEL (Table 2).
The BEL program modules are specifically

designed to teach fundamental biophysical

knowledge, data and computer literacy, and com-
putational biophysics methodology (Table 3).
These modules were designed to be cohesive,
with each one building off the assignment of the
previous one, using the same reference protein
and structure. The modules allow students to
practice individual skills, while obtaining a com-
plete picture of how these various methodologies
can be used in tandem to study the biophysical
interactions of proteins (45). Throughout the past
5 years, since the start of this module-based train-
ing, the modules have been continually updated
and expanded to ensure they are discussing the
latest developments and tools used for the
respective methodologies. The BEL program has
also developed many modules to teach broadly
applicable data science, programming, and data
visualization techniques.
The training semester provided benefits to the

graduate student mentors. Shared and clearly
outlined training and expectations meant that
graduate students could spend less resources
developing and planning individualized training.
Broad biophysical training also allows graduate
students to identify the strengths of each student
and promotes informed discussions to identify
an appropriate project. The modules continue to
be adapted to teach biophysical methods in sev-
eral outreach events for various audiences, rang-
ing from high school students to graduate
students from wet labs.
Public-facing releases of our module content

are currently posted, and updated versions will
be released on our Open Science Framework
web page (https://osf.io/82n73/). Students take

Table 1. First semester in the Brown Experiential Learning program compared with continued semesters.

First semester Continued semester

Goals

Complete training through structured module content Work with graduate student or collaborator to accomplish research goals

Structure

Defined training pathway, working with graduate teaching
assistant

Apprenticeship style, working closely with graduate student lead

Final deliverables

Annotated bibliography on research project and a 5–8-min
final presentation

Final paper on research project and an 8–12-min final presentation
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varying amounts of time to complete the mod-
ules, depending on the time devoted to train-
ing and prior skill sets. However, we maintain
the required benchmarks for module comple-
tion. If a student works 6 h per week, modules
1–3 can typically be completed within 3weeks,
and modules 4–6 can be completed in 5weeks.
Additional modules are then assigned, depend-
ing on the project and interests of the student.

C. Transitions to a cloud-based
framework
A major evolution of the BEL program was

the transition to predominantly cloud-based
tools and communication. The lab manager has

overseen the transfer to cloud-based documenta-
tion and communication (43). The transition
includes moving to digital lab notebooks via
Microsoft OneNote, regular communications
done via Microsoft Teams, and shared file net-
works for almost all research outputs. These tools
allow for consistent version history, document
restoration, and the ability to quickly disseminate
information to a large team of graduate students
and collaborators when working simultaneously
on projects. Particularly when working with large
computational simulation datasets, having con-
sistent, shared file access allows for files to be
quickly accessed and removes barriers to per-
forming analysis. This cloud-based framework

Table 2. Overview of advanced research skills modules.

Module topic Learning objectives

Advanced research skills (ARS) 1: use data ethically Define data, data ethics, and data misconduct
Address data collection and use in personal and professional contexts
Explore data misconduct and its multiple forms

ARS 2: managing and organizing data Define file management and recognize its importance
Consider file organization and storage and its relation to academic work
Practice strategies for best practices related to file organization and storage, such
as naming patterns and using subfolders

Identify and describe version control and its importance in general file
management and in the research process

ARS 3: managing and organizing information Identify the basic common functions of citation managers
Compare and evaluate the specific functionality and applicability of 3 citation
managers

ARS 4: becoming a researcher Discover the common responsibilities of researchers
Recognize the skills and qualities required to be successful in a lab environment
Identify tools and resources for research project management
Explore good examples of professional online identity profiles

ARS 5: writing successful proposals Define key components of a proposal
Identify and use best practices for language use within titles
Recognize and analyze request for proposals
Locate grant fund opportunities

ARS 6: sharing your research Describe the purpose of a research poster
Consider the role of the audience in the planning process
Explore basic concepts related to organizing poster content
Review the 5 elements of design

ARS 7: research skills þ Define to read and interpret an abstract
Define the framework for writing a basic abstract
Identify your audience and purpose of a scientific presentation
Define the key elements of slide design
Explore why it is important to use good sources and how to find them
Develop and use techniques for literature searching
Identify what a predatory journal is and how to avoid one
Review different data presentation types and how to write a legend for figures and
tables
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Table 3. Overview of the Brown Experiential Learning program modules.

Module topic Learning objective Assignments

Introduction to biochemistry Explain the central dogma of biochemistry
Identify essential amino acids and recall the
chemical properties of different side chains

Describe and classify secondary structures and
what drives protein folding

Demonstrate an understanding of how pro-
tein structure affects function

Knowledge check: amino acid chemical
properties

Knowledge check: secondary structure and
protein structure–function relationships

Bioinformatics and computational
biochemistry

Define bioinformatics and computational bio-
chemistry

Describe how bioinformatics techniques are
used in drug discovery

Recall the underlying theory behind molecular
modeling, molecular docking, and molecu-
lar dynamics

Written reflection on how bioinformatics
methods could be applied to lab
projects

Introduction to computational literacy Demonstrate computer navigation using the
terminal/command line

Create and edit files using a command-line
interface

Demonstrate basic Bash scripting
Use Visual Studio Code for viewing files or
creating scripts

Knowledge check: Linux, UNIX, and Bash
Written reflection on student comfort
working with a terminal interface

Sequence alignments and phylogenic
analysis

Discuss the importance of using sequence
alignments

Distinguish structural similarities and differ-
ences between protein orthologues

Assemble a phylogenetic tree to support evo-
lutionary similarities of proteins

Knowledge check: retrieving information
from online servers

Project assignment 1: analyze human and
mouse Sphingosine Kinase (SphK)
isoform and orthologue sequences

Structural prediction Summarize the value of homology modeling
in computational research practices

Use multiple tools (Schrodinger–Maestro,
Robetta, Modeller) to produce homology
models

Validate and compare homology model struc-
ture using techniques that analyze back-
bone angles, side-chain repulsion potential,
energy calculations, and score similarity to
x-ray and nuclear magnetic resonance
solved structures

Generate publication-quality validation images

Project assignment 2: create a homology
model of SphK2 and validate the model

Molecular visualization with PyMOL Demonstrate the basics of molecular visualiza-
tion using PyMOL

Prepare publication-quality images
Use visualization techniques in the context of
a research project

Knowledge check: PyMOL basics
Project assignment 3: create a publication-
quality image of SphK2 homology model

Molecular docking and protein–ligand
interactions

Use Marvin to draw and build a molecule for
docking

Demonstrate docking a ligand into a protein
structure using AutoDock Tools and
AutoDock Vina

Validate docking protocol with redocking and
root mean square deviation

Analyze protein–ligand interactions from
docking results

Project assignment 5: docking and
interactions
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proved instrumental during the coronavirus dis-
ease 2019 (COVID-19) pandemic. During the pan-
demic, we maintained full-scale operations and
increased student intake.
The lab manager also facilitated the expan-

sion of the BEL program to expand into data
science collaboration projects throughout the
campus. The focus on data science collabora-
tions allows students the opportunity to refine
data management, analysis, and visualization
techniques, which are becoming increasingly
important in all facets of academia and indus-
try. Students can focus solely on the data sci-
ence aspects of the program, working primarily
on collaboration projects.
When transitioning to cloud-based commu-

nication tools, there are several factors to
remember. Regardless of the communication
platform (Microsoft Teams, Slack, Discord,
etc.), ensuring that all students are appropri-
ately onboarded is critical to ensuring mass
adoption and use of the tools. Consistent and
frequent check-ins on these platforms (~2 per
week) help students become accustomed to
regularly reviewing these platforms for commu-
nications. Concern was also placed on ensuring
that the platforms used were accessible without

additional charge to the lab or the student,
including after the student graduated. Also,
understanding the specifics of the volume of
data that students are collecting can help in
choosing a file-sharing service that is best for
your lab (Google Drive, Microsoft SharePoint,
GitHub, etc.).

D. Remote and hybrid working
Remote working environments increase oppor-

tunities for student engagement and partici-
pation in biophysics research labs (13). The
transition to cloud-based tools has allowed us
to offer hybrid working environments for stu-
dents in the BEL program. Increased flexibility
has allowed more students, who would other-
wise have limitations in finding or participating
in research experiences, to join our lab. The flexi-
bility was facilitated by having a remote desktop
connection to a powerful Windows computer.
Remote access to powerful hardware lets stu-
dents access computationally expensive analysis
programs without being physically present in
the lab or personally owning powerful comput-
ers. Remote working options also allow us to
work with students who do not have summer

Table 3. Continued.

Module topic Learning objective Assignments

Introduction to molecular dynamics Recognize what molecular dynamics is and
how it is useful

Define software packages that run molecular
dynamics simulations

Identify the importance of force fields in
molecular dynamics

Recognize the general structure of a com-
mand line and how to execute commands

Knowledge check: lysozyme in water and
understanding why molecular dynamics
is important

Running MD simulations Understand how to write scripts and request
interactive sessions on Infer

Create MD simulation in the context of a
research project

Run energy minimization, equilibration, and a
10-ns production MD simulation

Knowledge check: command line and file
types

Major analysis methods for MD simulations Generate GROMACS index file
Describe major MD analysis methods, includ-
ing hydrogen bonding, define secondary
structure of proteins, root mean square
deviation, and root mean square
fluctuation

Knowledge check: index files and analysis
methods

Project assignment 6: energy graph of
SphK isoform systems

Project assignment 7: fingerprinting poses
from 25-ns simulation
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housing on campus and underrepresented pop-
ulations who want to volunteer in our lab.
Although we offer both in-person and online
options, some students have elected to work
entirely remotely.

III. MATERIALS AND METHODS

A. Assessment
A survey was created to evaluate the long-

term effectiveness of BEL in teaching lasting
research skills (Supplemental Material Fig S1).
The survey was designed to evaluate the effec-
tiveness of BEL in imparting these skills during
the students’ time in the program. The ques-
tions were created to evaluate both the
engagement in the program on academics and
its efficacy in imparting impactful career skills.
The survey was sent out to BEL alumni, as well
as current graduate and undergraduate stu-
dents, for a sample population of 111. All ques-
tions can be found in the Supplemental
Material. Surveys were distributed by an email
list of all current and former students. In total,
27 responses were collected.
In addition to self-reported metrics on student

outcomes, internal metrics regarding student
enrollment and retention were compared with
university-provided metrics of student enrollment
and retention in undergraduate research. This
work was carried out in accordance with the Vir-
ginia Tech Institutional Review Board’s standards
and practices (protocol IRB 23-984). All university
metrics were collected by using the Virginia Tech
University DataCommons open access datasets
(46). Visualizations were created by using Tableau
(version 2023.3, Salesforce).

IV. RESULTS AND DISCUSSION
In creating AURTE, we have attempted to take

the best aspects of CUREs and apprenticeship
UREs by combining the scalability of a CURE
with the mentorship opportunities of UREs (7,
24). Through examining both the quantitative
metrics of our program’s growth and the qualita-
tive responses from alumni on the effectiveness
of AURTE in the BEL program, we demonstrate

how our framework has increased mentorship
capacity without sacrificing student engage-
ment. We also establish that using AURTE in the
BEL program had lasting impacts on alumni
career success and the effectiveness of our tiered
mentoring structure in promoting research skills
for both mentees and mentors.
We will also examine the effectiveness of

our training semester in teaching students
lasting biophysical research methodology and
skills. By teaching various computational tools,
methodologies, and biophysical concepts, we
hope to instill a broad skill set that is applica-
ble to various careers (47). Our program trains
students in biophysical fundamentals, bioin-
formatics, molecular dynamics, structural pre-
diction, and various drug discovery methods,
in addition to reinforcing durable research
skills applicable to various career paths.

A. The AURTE framework retains
students longer than the
institutional standard
Compared with university retention statistics,

BEL was found to have a much greater reten-
tion of students on a per-semester basis than
at a university level (Fig 1). All data presented
here do not count for the training semester:
60% of students who participated in a semester
of research for university credit after the train-
ing semester stayed for a second semester,
compared with 35% of students who partici-
pated in a second semester of research for
credit at the university level (Table 4). The data
indicate both the high retention of students
our program encourages and how early we can
support students working with us in research.
The training semester allows us to take transfer
students who may have received differing cur-
ricula at a previous institution. Internal metrics
show that our training semester can support
students earlier in the academic career, with
many of our student researchers being lower-
division undergraduates (Fig 2). Every year, our
framework has more academic sophomores
working in the lab than most labs at the univer-
sity. We also have at least one first-year student
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each year, typically remaining in our lab for the
entirety of their academic career.
Student retention is critical to a successful

URE. Many studies have demonstrated that the
greatest gains in both scientific understanding
and curiosity are found in students who have
taken �3 semesters of dedicated research expe-
rience (48, 49). Higher retention also confers
greater career awareness and confidence (49).
Although all UREs are valuable, maintaining
direct mentorship over multiple semesters and
having students transition from mentee to men-
tor over �2 academic years provide more career
readiness than a single semester of training (50).
By strongly emphasizing cultivating a collabora-
tive working environment, developing robust
computational biophysics training, and encour-
aging intentional tiered mentoring, we created
an environment in which far more students can
enjoy the benefits of continued undergraduate
research. These benefits culminate in solidifying

workforce-ready skills and greatly aiding stu-
dents in scientific careers.
We also report the number of students who

performed undergraduate research in our pro-
gram each semester since 2017, not including stu-
dents participating in the training semester
(Supplemental Material Fig S2 and Fig 2). We have
an average of 15 active, trained undergraduate
student researchers each semester, demon-
strating the persistent scalability of the pro-
gram. These metrics also highlight how
cloud-based communication and file storage
allowed us to maintain our numbers and
continue to expand throughout the COVID-
19 pandemic from the fall of 2020 onward.

B. The AURTE framework conferred
lasting research skills
Survey responses indicate that most alumni

and current students found the pedagogy tools

Fig 1. Aggregated participation in undergraduate research. The number of undergraduate students (y axis) who participated in total
semesters of research (x axis). Students who participated in multiple semesters are represented in each bar they participated in (i.e., a
student who participated in 3 semesters is counted in bars 1–3). Data shown represent only semesters after the completion of the
training semester. Data are shown for the Brown Experiential Learning (BEL) program from 2016 to 2023 (a) and institutional from 2018
to 2023 (b). Institutional enrollment data include BEL program enrollment.
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to be helpful in being successful in undergrad-
uate research (Table 5). Participants indicated
that the graded final project was the most uni-
versally helpful pedagogic tool used by the
BEL program. These results speak to how feed-
back, from peers and mentors, is critical for
accomplishing research goals and growing
research skills. The helpfulness of the graded
final project also highlights the importance of
applying the skills they learned into a cohesive
product and building a narrative that goes
beyond the data. These results are bolstered
by regular semester reflections at the start and
end of each semester, which help the students

self-identify roadblocks to research and per-
sonal areas for improvement. The formal train-
ing semester also appears largely successful in
helping most students be successful in under-
graduate research, with many students express-
ing the value of learning a wide range of topics
in biophysics, rather than only the methodolo-
gies required for the research project. These
results are consistent with recent studies using
modular-based content to teach biophysical
methods and concepts (31, 36).
The BEL participants indicated that BEL

positively affected several aspects of aca-
demic learning and personal durable skills
(Fig 3). Every student indicated that BEL had
a positive or somewhat positive effect in
increasing confidence in the ability to per-
form research, honing a skill set in the
intended career path, and presenting scien-
tific findings in an oral and written format.
The positive effect on all learning outcomes
indicates that holistic teaching on fundamen-
tal biophysical knowledge and a structured
environment for learning the methodologies
provide positive outcomes for student under-
standing of biophysical methods and for dura-
ble research skills.

Table 4. Proportion of student semesters of continuous
undergraduate research.

Semesters of
continuous research

Brown Experiential
Learning retention (%)

Institutional
retention (%)

1 100 100

2 60 35

3 40 11

4 23 4

5 7 0.9

6 4 0.3

7 1 0.02

Fig 2. Participant response to how the Brown Experiential Learning program affected learning and professional outcomes.
Participant response (n¼ 27) was normalized to 100% for each metric. The questions offered options for “somewhat negatively
affected” and “negatively affected,” but none were selected by any of the participants surveyed for any metric.
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C. Mentors and mentees benefited
from tiered mentorship
Participants who indicated being mentors as

part of BEL (n¼ 7) were asked follow-up ques-
tions regarding experiences. Students indicated
that mentoring increased confidence and
understanding of core research skills. Five of
the 7 mentors indicated that mentoring exten-
sively enhanced communication skills because

they had to learn to explain scientific concepts
and personal expectations to the mentees.
Four mentors mentioned the value of a better
understanding of concepts through teaching.
Mentors also cited having improvements for
troubleshooting and their confidence as scien-
tists because of mentoring (Tables 6 and 7).
Mentoring is a critical component of under-

graduate research. The effectiveness and amount
of mentoring students receive are directly corre-
lated to student retention in STEM majors and
the decision to become researchers (9). By incor-
porating a tiered mentorship approach, while
promoting peer-to-peer interaction, BEL has cre-
ated a scalable foundation to use known hierar-
chic mentorship best practices (51). Our system
allows graduate students to practice mentor-
ship skills and provides a pathway for long-
term undergraduate students to become more
involved with mentorship. Of the 7 mentors

Table 5. Survey responses to the question “Which of the
following helped you be successful in undergraduate research?”
(n¼ 27).

Pedagogy tool Count (n¼ 27)

A graded final project 20

A formal training semester 18

Weekly lab meetings 18

Peer evaluations 12

Syllabus 12

Fig 3. Proportion of participants by academic class per semester. The data shown are the proportion of students who were in each academic
class, as defined by the university per semester. The data do not include the initial training semester. Note that many of these students were
first- and second-year students at Virginia Tech, who were academic sophomores and juniors by virtue of transfer credits. The program has had
an average of 15 undergraduate students since the fall of 2017 and has maintained many more who have gone through the training.
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surveyed, all 7 were undergraduate students
who performed research with BEL, with 3 hav-
ing continued to work in the lab as graduate
students. The elevation of undergraduates
from mentee to mentor allows students to
practice a new set of communication and pro-
ject management skills, while also deepening
scientific knowledge.
The key to a tiered mentorship program is

ensuring adequate mentorship training for
hybrid mentor–mentee roles. Although the
many benefits of quality mentoring are known,
mentoring without training can lead to frustra-
tion for both the mentor and mentee (8, 34, 52).
The success of our program hinges on slowly
introducing students who want to mentor into

the role, giving them frequent advice and help-
ing them establish a mentorship philosophy.
Although there is not a one-size-fits-all solution
to mentoring every student, we can empower
our graduate student mentors to engage in
mentoring actively. These intentional mentor-
ship strategies create a beneficial, sustainable
mentorship experience that engages undergrad-
uate researchers and promotes graduate stu-
dent identities as scientists.

D. Alumni used skills taught in the
AURTE framework
Alumni (n¼ 14) were asked additional ques-

tions regarding the retention of skills learned in
the AURTE framework and which skills they

Table 6. Responses to “How did mentoring students affect your understanding of research skills?”.

Response

It helped my confidence because I realized how far I had come and how much I knew. I got a lot better at troubleshooting errors.

It allowed for me to translate my applications of what I learned in the lab to a setting in which it was applied via mentored projects.

I think the most impactful way mentoring has helped my research skills is communication. Learning to communicate effectively with those
with less experience is useful for being sure your work is understandable to broader audiences. Another way is that you get to see a
wider range of issues that come up in computational research (for example: errors, unexpected outputs), which may increase my overall
knowledge of how to troubleshoot.

Mentoring provided me the opportunity to deepen my knowledge of research skills so that I could better help those who I was mentoring.

Mentoring students helped me encode the important and essential components of research because it necessitated that I was well versed
in those components.

By needing to explain concepts to those that I was mentoring I had to be able to explain what we were doing, how we were doing it,
and why things were done. Needing to break down these questions ensured that I had a greater understanding of the research skills in
questions.

It gave me an appreciation for how hard it can be to teach sometimes. It also taught me the importance of following clear directions.

Table 7. Responses to “What did you learn while mentoring students?”.

Response

It’s a lot harder to troubleshoot other people’s errors compared to your own, so I learned a lot about looking at things from their
perspective and looking at what errors they might have made instead of what errors I would have made in their situation.

How to effectively communicate the skills I learned in the lab.

The main thing I have learned is that most undergraduate students are not independent or self-starters. As a mentor, it is your job to plan
meetings with your students (ideally on a weekly basis) and help them with setting and meeting goals.

I learned how to be patient, meet students where they were, and broaden my prospective [sic, perspecitve] on what it takes to be a good
mentor.

How to effectively lead education conversations while students lead the conversation.

I learned leadership, organization, and teaching skills while mentoring students.

Scheduling is important. Also making sure that you have time set aside to answer questions. Make sure that students are following their
deadline schedule.
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used since graduating. Nearly all alumni reported
heavily using time management skills, with data
visualization, management, and analysis also
being heavily used (Table 8).
Alumni indicated that the skills learned in BEL

were largely applicable to their careers. Although
the broader skills were more applicable, knowl-
edge of molecular modeling and bioinformatics
was still useful to over a third of alumni since
graduating. These responses align with responses
to postgraduation career paths for our students
(Table 9).

E. Challenges and future
considerations
One potential limiting factor of building a

large research lab is ensuring that the lab has
continued support and management from the
faculty, staff, and graduate students. Manage-
ment of a larger lab has to be intentional and
requires the collective effort of all involved.
One challenge associated with larger labs is the
struggle to build community. Although the
self-paced learning modules have increased
flexibility and decreased the resources needed
for students to achieve a broad understanding
of our methodologies, building community has
been more challenging than traditional URE
experiences. The program has had to offer

community events intentionally, listen to the
students’ desires, and foster mentor–mentee
connections. Starting in the spring of 2024, we
now require first-semester students to spend
half of the time in person working in the lab,
and in subsequent semesters, give them the
flexibility to work in an environment where
they can succeed. We heavily emphasize allow-
ing our students to explore where they can be
successful without prescribing a particular
strategy or environment. We have observed in
our students, graduate students, and faculty a
wide range of preferences and readiness to
work remotely or in the lab and emphasize that
both can be successful paths, so long as both
are explored.
The other challenge associated with creat-

ing a robust training semester has been bal-
ancing providing a large library of training
materials, while continuing to promote scien-
tific curiosity and independence in students.
Although the CURE elements of the training
semester provide a more familiar environment
for students to learn complex methodology,
many enter the second semester of BEL
expecting research to be closer to doing stan-
dard coursework than the realities of a
research environment. To ease this transition,
the structure of lab meetings in the spring of
the 2024 semester moved away from lecture-
based meetings focused on teaching method-
ology to graduate student seminars focused
on current research and increasing student
participation. Although methodology-based
lab meetings were essential to training larger
cohorts of undergraduates before developing
and refining the learning modules, we believe
the modules, combined with careful mentor-
ship, are sufficient to teach new cohorts the
methodology. We believe transitioning to
more traditional lab meetings will enhance
students’ intrinsic motivation, while simulta-
neously connecting learning techniques to
current research topics sooner.
Overall, the BEL program and AURTE frame-

work will need to be flexible to balance the
many competing interests, while remaining

Table 8. Survey responses to the question “Which skills have you
utilized since graduation?” (n¼ 14).

Skill Count (n¼ 14)

Time management 13

Presenting scientific findings in oral format 10

Note-taking 10

File organization 10

Data visualization 10

Data management 10

Data analysis 10

Using a citation manager 8

Understanding scientific literature 8

Presenting scientific findings in written format 8

Bioinformatics 6

Molecular modeling 5
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structured to facilitate growth. The key to
remaining flexible is keeping communication
open and allowing problems to be communi-
cated to the group without fear or shame.
Monthly leadership meetings are being created
among the faculty, staff, and graduate students
to facilitate communication. These monthly lead-
ership meetings will provide an open forum for
continued improvement, ensure that all voices
are heard, and allow for all needs to be met.

V. CONCLUSION
In this study, we have presented AURTE, our

model for the ongoing hybrid undergraduate
research program in computational biophysics.
We have shown through comparison to univer-
sity data metrics that this program can train
students earlier and retain them for much lon-
ger than our institution’s average undergradu-
ate research lab. Through student response, we
have observed that our program has lasting
impacts on research skills and improves gradu-
ates’ career readiness. We have found that a
semester of CURE-based training effectively
prepares students for undergraduate research
and imparts a broad set of biophysical and bio-
informatics skills. We have also highlighted the
important role that graduate students and lab
managers play in providing structure to a large
undergraduate research group.

A. Takeaways and implementation
strategies
Based on our findings, we found several fac-

tors that contributed to the success and scale

of our group that others can use in undergrad-
uate research training programs:

(a) Robust, intentional, systematic training ensures
that all students reach a baseline understand-
ing of biophysical theory and techniques.
Structuring the education and grading in
undergraduate research allows students to
focus on learning, while becoming comfort-
able with the unknowns inherent to research.
By outlining clear goals and metrics for suc-
cess as it pertains to undergraduate student
academics, more time can be spent with a
mentor exploring fundamental research skills
and concepts. Implementers of this frame-
work should seek to build or use proven
pedagogic techniques similar to those used
for CURES. Build an education suite that
allows for flexibility and variability among
students. Assume a student comes in with
very little prerequisite knowledge. Those stu-
dents with an advanced background in the
domain will quickly go through the content,
while still allowing those students who need
that additional information the time to learn.
Our training materials and other tutorials can
be found on our Open Science Framework
(https://osf.io/82n73/).

(b) Use cloud-based resources to facilitate regu-
lar, authentic, productive communication and
data management. Ensure that all students
know and understand communication expec-
tations, while providing flexibility and open-
ness for students to contact mentors for
advice or clear roadblocks. Implementers
should consider that communication styles

Table 9. Survey responses to the question “What have you done post-graduation?” compared with respondents’ majors (n¼ 14).

Major Working a job relevant to my degree Postgraduate studies Other

Biochemistry 3 3 0

Biological sciences 1 1 0

Systems biology 0 1 0

Computer modeling and data analytics 0 2 0

Human nutrition, food, and exercise 1 0 0

Systems biology 1 1 1

Business information technology 1 0 0
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and needs will change for the students as
time progresses. AURTE emphasizes adapt-
ability as the students change, and commu-
nication will change with them as the
students grow, experience environment
changes, and encounter new or unforeseen
challenges.

(c) Both mentors and mentees should always
strive for continuous learning. There is no
point when undergraduate mentees or grad-
uate student mentors are “finished” learning.
Present clear pathways for undergraduate
students to become mentors and maintain
the expectation that graduate students will
mentor undergraduates. Although organic
mentor–mentee relationships are desirable,
explicitly establishing a mentor–mentee
dynamic allows for shared expectations and
clear paths to growth.

Future consideration will involve further stan-
dardizing AURTE to be broadly applicable to
other research groups and expanding these
results to measure the efficacy of the structure in
wet lab environments. Undergraduate research
is foundational to training the next generation of
scientists to tackle the problems of the world. It
is our duty as the current generation of research-
ers to strengthen that foundation by iterating
and evaluating URE structures. By expanding
opportunities for research, we hope to empower
every future researcher with the tools and tech-
niques to succeed. Through continued develop-
ment of AURTE, we seek to facilitate expanding
opportunities for undergraduate research both
in and beyond biophysics.

SUPPLEMENTAL MATERIAL
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