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This work describes a teaching reform of Tissue Engineering course that designs a laboratory course for senior

undergraduate students, where students are challenged with a real-life tissue engineering application and provided with

a hands-on experience applying oriented biomaterial technology and cytotechnology by conducting an experiment. Forty

senior undergraduate students coming from School of Biological Science andMedical Engineering in Beihang University

attended the course. The laboratory course was designed to guide students in raising research questions, generating strong

hypotheses, identifying appropriate methodologies, and collaborating with each other to solve problems. Feedback from

students attended this course has indicated that, while students find the expectations challenging in the early stages of the

course, finally they are able to increase awareness and deepened their understanding of this field.We hope that this kind of

educational modality could spread out to other interdisciplinary fields and contribute to the fast development of modern

interdisciplinary science and technology.

Keywords: interdisciplinary field; Tissue engineering; laboratory course; practical abilities; undergraduate students

1. Introduction

Tissue engineering is a fast-growing and interdisci-

plinary field that mainly combines materials, cells,

growth factors and bioreactors, with the goal of
creating new tissues andorgans to remedy a range of

maladies (as shown in Fig. 1) [1]. How can amentor

present various and occasionally contradictory

developing ideologies so that the students have the

ability to understand the complexities of this field

and then to form their own opinion about future

directions in tissue engineering research? It is chal-

lenging for biomedical engineering undergraduate
students who do not have any research experiences

in such a new and developing area to incorporate an

in-depth study of tissue engineering.

Over these years, we have mainly focused on

understanding the interplays of cells, scaffolds,

growth factors and bioreactors, and using this

knowledge to develop new therapies and innovative

technologies for tissue engineering. Customarily,
engineering curriculum heavily relies on the aware-

ness that basic facts can be imparted through

didactic approaches [2]. However, the didactic

approach has been shown to be insufficient and

students cannot take active part in the dynamic

world of research [3]. A growing awareness that

engineers need a broad range of practical skills,

which require more to develop than the traditional

didactic approach, has resulted in emphasizing

critical-thinking skills [4]. Moreover, engineers are

better prepared to solve problems when they have a

first-hand understanding of the problem and its
cause [5]. To deal with these educational issues

and meet the development requirements of tissue

engineering, it is necessary to develop a better

teaching approach to the educational reform of

tissue engineering with focusing on the research

skills. Only by this means, can the students realize

the significance of this interdiscipline and improve

their practical abilities in this field to face future
challenges.

Therefore, we develop a laboratory course to

address these issues and give biomedical engineering

undergraduate students the insights and research

skills which are essential to understand and help

solve problems in tissue engineering. The aim of this

course is to guide students in raising research

questions, generating strong hypotheses, identify-
ing appropriate methodologies, and finally solving

problems. Thus, this teaching reform is organized

with the purpose of making students to have the

ability to deeply comprehend this new and fast

growing interdisciplinary field by cultivating their

professional skills through cooperative learning

experiences which purposely reflect the activities

engaged in by practicing tissue engineers. We want
to enable students to develop an early understand-
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ing and interest in tissue engineering and to provide

them the opportunities to continue pursuing this

interest.

2. The main disciplines involved in tissue
engineering

2.1 Biomaterials

Tissue engineering needs a biomaterial as a frame-

work for cells to build a vital and functional tissue.
The basic role of a biomaterial in tissue regeneration

is to offer support and scaffolding for cell growth.

Nature’s template for biomaterial is the extracellu-

lar matrix (ECM); the material secreted by resident

cells that supports tissue and organs. The ECM

provides not only physical support and spatial

organization, but also a bioactive microenviron-

ment that supports and promotes cellular functions.
Owing to the complexity of composition and ultra-

structure of native ECM, synthesis of an ECM

mimic with any degree of fidelity is not yet feasible

[6]. For this reason, typical approaches of biomater-

ial design focus ona fewof themechanisms bywhich

ECM influences cells and attempts to effectively

present these cues for a given tissue. Synthetic

biomaterials [e.g., poly(ethylene glycol), poly(lac-
tic-co-glycolic acid), poly(ethylene terephthalate),

polyglycolic acid] are attractive because they can be

manufactured reproducibly with the ability to con-

trol strength, structure, and degradation rate [7].

Naturally occurring materials include the naturally

occurring polymers (e.g., silk and chitosan), purified

ECMproteins (e.g., collagen and elastin), andECM

derived by decellularization of various tissues (e.g.,
small intestinal submucosa, dermis, and urinary

bladder matrix) [8–13]. The naturally occurring

materials have certain advantages such as favorable

immune recognition by the recipient and the pre-

sence of embedded structural and functional mole-

cules.

Biomaterials are used in the form of carriers,

hydrogels or scaffolds for tissue engineering appli-

cations. Carrier materials can adherent cells to

produce ECMwhich embeds the tissue components
in as a native tissue without any potentially marring

framework substance. Hydrogels are water swella-

ble and highly negatively loaded polymers with a

well-defined pore size which enables diffusion of gas

and nutrition to support and sustain the embedded

cells. Thesematerial forms serve as a delivery carrier

for the cells to regenerate the damaged tissue in the

body. All of these materials and constructs serve as
cell environment which has to establish optimum

conditions for the adhesion and proliferation of the

desired tissue cells [14].

2.2 Cells

Achieving success with tissue engineering depends

on meeting some critical experimental require-
ments. One is to have the essential components,

including the cells and the carrier or supportmatrix.

Obtaining the number and type of cells needed for

tissue engineering is crucial for repairing damaged

tissues, especially in cases where either the tissue are

not able to regenerate or the native reparative

mechanisms are inadequate [15].

There are many sources of cells for tissue engi-
neering, each with its own advantages and disad-

vantages. One of the best methods to get cells is

harvesting autologous cells directly from the patient

[16]. However, relatively few cells are available for

harvesting and thus autologous cells may not be

suitable for transplantation. One hopeful option is

to use stem and/or progenitor cells in tissue engi-

neering. Stem cells, which are found in some tissues
of the body not only renew themselves but also can

differentiate into many phenotypes. According to

the differentiation potential, stem cells can be

divided into two categories, pluripotent stem cells

and multipotent stem cells. Pluripotent stem cells

have the inherent ability to differentiate into any

desired cell type under proper conditions. In addi-

tion, pluripotent stem cells have almost unlimited
proliferation capacity and they can be manipulated

in multiple passages. These unique properties make

pluripotent stem cells a promising cell source in

tissue engineering. To date, pluripotent stem cells

used into this area have employed embryonic stem

cells (ESCs) [17–25] and induce pluripotent stem

cells (iPSCs). Similar to the pluripotent stem cells,

multipotent stem cells also have the capacity of self-
renewing and differentiating into specialized cell

types. While, multipotent stem cells are harvested

from adult tissues, such as bone marrow, blood,

blood vessel, adipose, muscle, liver, heart, skin and
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Fig. 1. The schematic diagram of tissue engineering.



so on. They play an important role in maintaining

and repairing the tissue in situ.

2.3 Growth factors

Therapeutic induction of tissue repair or function
restoration in tissue engineering and regenerative

medicine needs recapitulation of the spatial and

temporal microenvironments presented by natural

ECM, in many cases by providing of exogenous

instructive bioactive signals [26]. Pivotal among

these signals are growth factors such as bone

morphogenetic proteins (BMPs, particularly

BMP-2 and BMP-7), epidermal growth factor
(EGF), vascular endothelial growth factor

(VEGF), and fibroblast growth factor (FGF, essen-

tially bFGF), which offer fatal stimulation of cell

recruitment, adhesion, proliferation, morphogen-

esis, and differentiation. Growth factor proteins

are produced by cells and directly interact with or

are sequestered by the surrounding ECM for pre-

sentation to the receptors on cell surface.On a larger
scale, these growth factor-stimulated cellular

responses are included in organism development,

angiogenesis, and wound healing.

Growth factors also play a vital role to transfer

information between different cells and their micro-

environment, the ECM, and throughout the pro-

cesses of tissue regeneration [27]. It is well known

that growth factors are typically multimodal, show-
ing a different mechanism of action depending on

the concentration and/or exposure time and on the

phenotype of the target cells. They control a lot of

biological processes, thus growth factors are widely

used to regeneratemany tissue types, such as neural,

musculoskeletal, hepatic, and vascular systems [28].

New tissue growth, both in vivo during develop-

ment and in vitro in tissue engineering applications,
is increasingly understood as a complex process that

requires exact spatial and temporal interaction

between cells, three-dimensional (3D) ECM,

mechanical forces, and various growth factors.

2.4 Bioreactors

Despite the early promise of tissue engineering, the

major challenge faced by the researchers is to
transfer the cells and tissue-based constructs into

clinically effective and safe large-scale products [29].

Bioreactors are normally defined as devices inwhich

biological and/or biochemical processes develop

under closely monitored and tightly controlled

environmental and operating conditions. Bioreac-

tors have played a key role in tissue engineering as

they can culturemammalian cells under a controlled
environment. The high degree of reproducibility,

control and automation introduced by bioreactors

for specific experimental bioprocesses is very impor-

tant for their transfer to large-scale applications

[30]. Some operational conditions including tem-

perature, pH value, oxygen tension, and perfusion

of the cells as well as mechanical stimuli can be

modified and controlled. Some operational condi-

tions including temperature, pH value, oxygen ten-

sion, and perfusion of the cells as well as mechanical
stimuli can be modified and controlled. Bioreactors

can be employed to develop new tissues in vitro as

they can provide the physical and biochemical

regulatory signals needed for cells. For instance,

bioreactors can provide mechanical stimulation in

vitro to aid cells to produce ECM within shorter a

time-span under the optimal mechanical stiffness

for the construct. It has also been shown that
mechanical stimulation can encourage stem cells

down different lineages and enable different cell

types to be obtained [31].Moreover, themechanical

stimuli canmodulate cell function hasmotivated the

development of functional simulations systems to

recellularised tissues in vitro by exposing them to

physical stimuli [30].

3. Assessment and discussions

As mentioned above, tissue engineering is an inter-

disciplinary field aiming to restore or improve

impaired tissue function. A combination of bioma-

terials, cells, engineering methods, and physiologi-

cal and biochemical factors is used to produce the
desired tissue organs. In order to make the students

deepen the understanding of this interdisciplinary

subject and improve their practical ability in this

field, we designed a laboratory course asking groups

of students working together to suggest solutions to

a practical problem in tissue engineering. The pur-

pose of this teaching reform is to support the use of

learned knowledge to real situations and the devel-
opment of a learning approach which is student-

centered and grounded in collaboration. More

importantly, this approach to teaching is based on

constructivist theory, emphasizing that learning is

about action.

The laboratory course is performed in the public

experiment platformof School of Biological Science

and Medical Engineering in Beihang University.
The experiment platform comprises biomaterial

laboratory, cell culture room, bioreactor labora-

tory, molecular biology laboratory, histology

laboratory, mechanical laboratory, scanning elec-

tron microscope and the related testing equipment.

Forty senior undergraduate students coming from

School of Biological Science andMedical Engineer-

ing attended this course. Before the year of 2015, all
of the course content and the knowledge spots were

taught by the teachers through didactic approaches

(before teaching reform). The reformed Tissue

Engineering course consists of three components:
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an initial introduction to the basic concepts and

general experimental setup and procedure in tissue

engineering by the teachers, a research-based

assignment where students collaborate with his/

her group members to perform the experiments,

the completion of a laboratory report and a viva
presentation by the students that applies techniques

presented and practiced in a series of laboratory

experiences to a specific and practical application.

With the emphasis on linking laboratory experience

with current research directions, this course is

developed to offer students a project cooperated

with other classmates. At the same time, engaging

with the academic literature and developing basic
research skills enable students to locate and apply

current research skills to their own researches and

investigations.

The laboratory course is demonstrative in nature

and the students are asked to use their research and

analytical skills to perform a hands-on experience.

The basic tools and techniques related to the proces-

sing and fabrication of biomaterial scaffolds, char-

acterization of the scaffolds, basic cell seeding and

culture techniques, and characterization of cell-

scaffold constructs are studied in laboratory experi-

ments (as shown in Table 1). The laboratory course
is designed as a vehicle for learning about different

scaffolding biomaterials, their processability, phy-

sicochemical property, biocompatibility, and the

tools which can be used to characterize these cell-

scaffold constructs for potential tissue engineering

applications. Students select the topic that interests

them, and their first task is to learn and duplicate the

techniques required to prepare the experiment.
Before performing these laboratory experiments,

students are given some background reading mate-

rials. Moreover, some graduate students, who

usually have more in-depth knowledge of material

science and biological systems, assist the under-

graduates to improve their laboratory skills.
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Table 1 Research topics and preparations

Research Topic Choices Learning Points Evaluation

Biomaterial
scaffolds
fabrication

Biomaterials (silk fibroin,
collagen, chitosan, PLA,
PLGA);
Fabrication techniques
(Electrospinning, freeze
drying, solvent casting,
salt leaching)

Solution preparation,
documentation and laboratory
journal skills, fabrication and
processing technique, scaffolds
characterization, data
processing and analysis

Does the student understand biomaterials and
biomaterial properties?
Can the student apply what he or she has learned in
class to the experiment?
Can the student choose the suitable biomaterial and
fabrication technology?
Can the students deal with experimental data?
Does the student follow standard laboratory
practices, i.e., keeping records, cleaning equipment,
and following disposal regulations?

Cell culture Endothelial cells, smooth
muscle cells, fibroblasts,
bone marrow stem cells,
osteoblasts

Solution preparation,
documentation and laboratory
journal skills, preparing culture
medium, cell seeding, cell
culture, passaging cells, assessing
cell activities, data processing
and analysis

Does the student understand different cells and cell
properties?
Can the student apply what he or she has learned in
class to the experiment?
Can the student choose and culture the desired cells?
Does the student follow standard laboratory
practices, i.e., keeping records, cleaning equipment,
and following disposal regulations?

Seeding cells on
scaffolds

Seeding cells on the
scaffold surface,
injection cells into the
scaffolds

Solution preparation,
documentation and laboratory
journal skills, seeding
techniques, cell adhesion assays,
cell morphologies observation,
assessing cell activities and
functions, data processing and
analysis

Can the student apply what he or she has learned in
class to the experiment?
Can the student seed cells on scaffolds?
Can the student co-culture cells with scaffolds?
Can the students deal with experimental data?
Does the student follow standard laboratory
practices, i.e., keeping records, cleaning equipment,
and following disposal regulations?

Developing cell-
scaffold constructs

Cultured with growth
factors,
cultured in a bioreactor,
cultured with growth
factors in a bioreactor

Solution preparation,
documentation and laboratory
journal skills, setting up the
bioreactor, operating the
bioreactor, assessing cell
activities and functions, data
processing and analysis

Can the student apply what he or she has learned in
class to the experiment?
Can the student select the appropriate growth
factors?
Can the student maintain the growth factors
effective?
Can the student culture cell-scaffold constructs in a
bioreactor?
Can the student adapt software to control the
bioreactor?
Can the students deal with experimental data?
Does the student follow standard laboratory
practices, i.e., keeping records, cleaning equipment,
and following disposal regulations?



In the laboratory course, the students should

select the biomaterials, scaffold fabrication

method and cells to prepare a cell-scaffold construct

and suggest possible alternatives. They also must

identify the method of characterization, justifying

their selection. The experiments are confined to one
of the following areas: bone, vascular, or skin tissue

engineering. In addition, based on the experiment

results, a laboratory report and a viva presentation

should be completed by the students. The reports

must present an introduction defining the need for

clinical application, a detailed explanation of the

reason for selectedmaterials, cells andmethods, and

an analysis for the results explaining why the
proposed methods are appropriate for the intended

application. Moreover, as a piece of academic

writing, students write the reports andmust provide

a bibliography summarizing the works cited.

After the laboratory course, the students were

surveyed about various aspects of the course. Stu-

dents from classes of 2014 (before the teaching

reform) and 2015 (after the teaching reform) parti-
cipated in this survey. This evaluation is essential to

help demonstrate the effectiveness and viability of

this teaching method.

Question 1: Did you gain insights from your desired

professors?

Question 2: How about your interest in this course?

Question 3: Do you understand the importance of

the course to your further study and work?

Question 4: Did you learn a lot during this course?

Question 5: Would you recommend this course to
others?

The questionnaires pursue feedback on some spe-
cific aspects of the course. Figs. 2, 3, 4, 5 and 6 show

the responses of students to the five questions about

the course. The questionnaires of the students in

2015 year were compared with those of the students

in 2014 year (before the teaching reform). It is found

fromFig. 3 that the students’ interest in this course is

significantly increased after the teaching reform. In

addition, after the teaching reform, the students

have a clear understanding of the importance of
the course and learn a lot about frontier knowledge

and research skills in tissue engineering field, which

definitely benefits their future study and research

(Fig. 2, 4 and 5). Furthermore, it is shown from

Fig. 6 that the students are much more willing to

recommend this course to others after the teaching

reform. After communicating with the students, we

got some information that some students consid-
ered it as a challenging work in the early stage of the

course, particularly the reading and preparation for

the laboratory course. Initially students were wor-

ried about the expectations of the course, but this

changed as a related sense of accomplishment

manifested them. In addition, while acknowledging

that tissue engineering is a fast-developing inter-

disciplinary area, most of the students increased
awareness of this field and deepened their under-
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Fig. 2. Student responses to the question: Did you gain insights
fromyourdesiredprofessors?The result showed that the students
gained more insights from the professors after the teaching
reform.

Fig. 3. Student responses to the question: How about your
interest in this course?

Fig. 4. Student responses to the question: Do you understand the
importance of the course to your further study and work?



standing of its influence on future clinical medicine.

Exhilaratingly, some of them also expressed an
enhanced interest in pursuing a research-based

career.

The main concept of this teaching reform is to

pursue the involvement and participation of the

students in all activities related to the experiments

during the entire laboratory course. Students are

challenged with a real-life tissue engineering appli-

cation, the production of a cell-scaffold constructs
for regenerative medicine. Just as what Confucius

(a Chinese educator and philosopher, around 450

BC) said ‘‘Tell me, and I will forget. Showme, and I

may remember. Involve me, and I will understand’’.

During the laboratory course, the undergraduate

students are provided with a task which has real

world application. In addition, the students can

actively experience the interconnection between
material, biology, and engineering sciences. Each

group of students is assigned to a topic, including

the fabrication of biomaterial scaffolds, preparation

of culture medium, the cell culture, the setup and

calibration of the equipment, and the sampling

procedure up to a critical evaluation of the data.

By this way, the students are provided with a hands-

on experience applying oriented biomaterial tech-

nology and cytotechnology by conducting an

experiment for the first time.

It is well known that the elementary concept
behind the real-world tasks in teaching applications

is to enhance students understanding of the subject

matter and develop the critical-thinking skills [32].

A scientific teaching approach for experimental

research is to enhance students’ engagement in

learning by inclusion of some activities during

lectures and tutorials. In the current teaching

reform, the laboratory course is used to strengthen
students’ participating in learning. As part of the

successful teaching approach, these methods have

previously been reported to improve learning out-

come for the students [33].

Of course, there are also some limitations for this

course.A concern froman educational standpoint is

to develop a complete system of metrics. In this

course, the instructors have intimate knowledge of
the students and the researches they performed.

While the laboratory report and viva presentation

provide a tangible example of work that the student

has performed, ultimately grading is dependent on

the instructor’s impression of the student and her/

his work ethic. In addition, the abilities of the

students to perform their overall laboratory skills

were considered, which is somewhat subjective and
is an observed metric. Furthermore, the course will

need more written examples of the work product,

such as research papers and project proposals.

Future courses will need an evaluation of the

course by students that include the strengths and

weaknesses of the course and suggestions on

improving the course.

4. Conclusions

In conclusion, we think that the success of this

teaching reform depends on a combination of the

following factors:

1. The course focuses on the real problems of
training engineers.

2. Students participate in tissue engineering lean-

ing and have a hands-on experience of design-

ing protocols and solving problems.

3. The course provides students a more in-depth

project to be completed in collaboration with

his/her classmates, which can also foster inte-

gration and teamwork.
4. Before the laboratory course, all the teachers

actively discuss and carefully design the experi-

ments in order to make the laboratory course

carry out smoothly.
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Fig. 5. Student responses to the question: Did you learn a lot
during this course?

Fig. 6. Student responses to the question:Would you recommend
this course to others?



5. The course contains the most up-to-date inter-

disciplinary knowledge that is beneficial for

students to broaden their perspectives and

open their minds.

Thus, this course has gained high recognition and

persistent supports from Beihang University. Since
this kind of teaching reform for undergraduate

students has never been tried in any school of

Beihang University before, the course is a challenge

and prospect-based project, which is designed to

pilot the instructional environment at this university

and imitate educational reform approaches in other

universities.
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