
ABSTRACT 

The rapid evolution of novel biotechnologies and their 
democratization present exciting opportunities for 
growth in biotechnology. These opportunities, however, 
present challenges to academic institutions as they try to 
enhance their training programs and to foster responsi-
ble innovation and entrepreneurship. At UC Davis, the 
Department of Biomedical Engineering is exploring this 
new frontier by creating an academic biomaker space 
called The Molecular Prototyping and BioInnovation 
Lab (MPBIL). We present a vision for this effort, high-
light some key success stories, and share some of the 
lessons we have learned for creating and operating a bio-
logical prototyping lab in an academic environment. 

INTRODUCTION 

According to recent reports, revenues from US economic 
activity in biotechnology, including biologics, crops and 
industrial biotechnology, accounted for 2% of GDP in 2012. 
Remarkably this sector of the economy grew, over the last 
decade, at average annual rates exceeding 10% [1]. In addi-
tion, the combination of increasingly easy access to laborato-
ry instrumentation and facilities (including the ability to 
make one’s own tools in makerspaces and community “bio-
hacker” spaces), the spread of technical knowledge on the 
Internet, the rapidly decreasing costs of core resources like 
DNA synthesis (the company Twist Inc. is charging ~$0.09 
per base pair) and the dramatic evolution and power of tools 
like CRISPR-based technologies [2] are together lowering 
barriers for individuals or small groups to participate in 
biotechnology and to create useful prototype technologies at 
accessible cost. Together, the shrinking barriers to technolo-
gy and the promise of economic growth challenge educa-
tional institutions to enhance training environments so that 
they both train and enable students to seize the opportunities 
available to them to innovate in biotechnology. These chal-
lenges may be equally viewed as opportunities to strengthen 
and diversify the biotechnology workforce, enrich liberal, 
critical-thinking and interdisciplinary based education, im-
prove retention, build independence, [6] and to advance the 
discussion about the responsible use of technology.  

Makerspaces seem to provide an attractive model for begin-
ning to make progress on meeting these goals. In general, 
makerspaces serve their communities by fostering creative 
expression. This is accomplished by lowering barriers to 
tools and training, and by creating places for people to share 
ideas and know-how, sometimes across disciplines. Given 

the perceived need to improve opportunities in biotechnolo-
gy training and the hypothesis that the makerspace environ-
ments could provide some of the qualities important to en-
hancing opportunities beyond the traditional curriculum, the 
Department of Biomedical Engineering (BME) at UC Davis 
decided to experiment by expanding its existing maker ini-
tiative into the domain of wet-biology. 

MPBIL was originally conceived in 2012 and the concept 
formally reported in 2013 [3]. It took an additional year to 
marshal the space and initial resources to begin operating at 
a small scale. While at the time we knew of no other acade-
mic biomaker spaces from which to draw operational 
lessons, the concept of the biomaker space had already been 
established in non-academic communities with pioneers like 
Genspace, BioCurious and other community labs (aka DIY-
Bio labs) leading the way [4,5]. Thus, some inspiration for 
MPBIL was drawn from discussions the authors had with the 
organizers of community labs. While MPBIL is now not 
unique, we are only aware of a few other mixed-use academ-
ic biomarker spaces in the US; Stanford University’s Biolog-
ical Interdisciplinary Open Maker Environment runs in the 
mixed use Uytengsu Teaching Laboartory; a wet lab has 
been integrated into the Yale Center for Engineering Innova-
tion and Design; the Community Biotechnology Initiative at 
MIT is organizing a new biomaker capacity on campus; and 
the ULAB run by students at UC Berkeley, while focused 
primarily on providing research experiences to undergradu-
ates, also shares the makerspace ethos of providing non-tra-
ditional access to training and resources for independent 
exploration in biotechnology-related areas. While it is likely 
that we have missed other initiatives, it is nevertheless clear 
that there are few.  

The long-term aspirational goals for MPBIL are: (1) To 
serve students on the UC Davis campus by establishing a 
hub for diverse creative and educational activities in the 
practice of responsible biotechnology. (2) To explore the 
concept of extending the ability of prototyping facilities to 
create both biological and hybrid bioelectromechanical de-
vices.  

Examples of specific outcomes that would characterize a 
successful initiative are: Expanding departmental hands-on 
biotechnology-related course offerings (enhancing training 
& critical thinking); fostering the creation of diverse lower-
division hands-on biotechnology-related courses (training & 
retention); creating a physical “home” for student biomaker 
clubs (i.e. iGEM, Synthetic Biology Club, etc.); enabling 
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independent student-derived and driven projects; fostering 
innovation and entrepreneurial activity; and the integration 
of activities in MPBIL with those in our traditional maker 
environment. 

We have sought to explore this concept in MPBIL through 
incremental addition of capacity and new activities. In the 
first three years this approach has fostered numerous new 
formal and cross-disciplinary training opportunities, helped 
catalyze three undergraduate-initiated student technology 
start-ups, hosted two competition design teams and numer-
ous other independent projects, and led to increasingly ambi-
tious plans for the future of the facility.  

METHODS 
Institutional Context 

UC Davis is an R1 institution located about 10 miles west of 
the California state capitol, Sacramento. The University en-
rolls nearly 30,000 undergraduates in 104 majors and >7000 
graduate and professional students in 99 graduate programs 
and seven professional programs. 

The Biomaker Space 

MPBIL occupies approximately 1,200 sq. feet and, as cur-
rently configured, consists of four connected rooms. The 
core space occupies ~800 sq ft. of teaching and work space 
including ADA compliant laboratory bench top around the 
periphery. In the center of the room, eight large movable 
work tables provide the main workspace and enable rapid 
reconfiguration of the room for different activities. Fire code 
restricts occupancy to 18 individuals, which limits class en-
rollment to 15-17 students depending on the number of in-
structors. A large whiteboard, inexpensive portable projector, 
portable speakers and projection screen are available for 
instruction, ideation, and enabling remote guest videocon-
ference. The three remaining “utility” rooms, while connect-
ed to the main workspace, may be isolated from the main 
space by closing doors which can be used to manage noise 
levels in the main teaching/workspace. One of the utility 
rooms houses the laboratory’s water sources (industrial, 
deionized and ultra-pure), a chemical fume hood, autoclave, 
ice machine, chemical storage and waste accumulation areas, 
balances, and the eyewash and safety shower. A second utili-
ty room houses noisy equipment including PCR machines 
(fans) and a refrigerated shaking incubator. The third utility 
room currently serves primarily as an office for staff and/or 
instructors to prior to or after activities. Open shelving and 
wall-mounted cabinetry serve as the primary storage.  

Key Equipment 

The strategy for acquiring equipment was based on antici-
pated short-term needs of MPBIL’s users during the first 2-3 
years. Generally, these needs focused on basic BioSafety 
Level 1 (BSL-1) microbial cultivation, recombinant DNA 
technologies, protein engineering, production and purifica-
tion, and teaching. With the exception of several key pieces 
of equipment where reliability was considered essential, we 
sought to maximize limited resources by “salvaging” as 
much equipment as possible from campus surplus. Several 
donations from both on and off-campus partners also helped 

to stock the lab. Major equipment and where it was sourced 
is listed in Table 1. Most small budget items (e.g. glassware, 
tube racks, heat blocks, vortexers, etc.) were salvaged from 
various campus resources and are not listed in the table.

Training, safety, documentation and access 
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Table 1. Key equipment at MPBIL - Costs rounded based on our 
purchase prices. Values in parentheses estimate the cost of our 
salvaged or donated equipment if the equivalent was purchased 
new (not the value of used equipment).

Capability: Equipment 
Source Price

Importance  
(5 High - 1 
Low)

Sample Storage: $9,000

-20°C Freezer Purchased $1,500 5
-80°C Freezer Purchased $7,500 5
4°C Refrigerator Salvaged ($5000) 5

Centrifugation: $15,000
Sorvall Legend XTR 
Refrigerated Centrifuge Purchased $10,000 5

6 - Microcentrifuges Purchased $5,000 
($5,000) 5

Nucleic Acid Preparation and 
Analysis: $5,000

8 - PCR Machines Purchased 
& Salvaged

$5,000 
($27,800) 5

GelDoc Imager Off campus 
donation ($12,000) 5

Gel electrophoresis 
boxes/power supplies Salvaged ($5,200) 5

Cell Culture/Fermentation: $15,000
MaxQ 8000 
Refrigerated Incubator 
Shaker

Purchased $15,000 5

2 - Static incubators Salvaged ($20,000) 5
New Brunswick 
BioFlo/CelliGen 115 
Fermentor/Bioreactors

Off campus 
donation

($12,000) 
used 1

Quantitative Phenotyping and 
Imaging: $0.00

Tecan Infinite M200 
Plate Reader In room ($15,000) 3

Olympus SZX16 
Stereo microscope

On campus 
donation ($15,000) 3

Olympus BX51 
microscope

On campus 
donation ($15,000) 3

Sterilization $0.00
Yamato SM-300 
Portable Autoclave Salvaged ($8,000) 4

Liquid Handling $5,000
1000 µL, 200 µL, 100 
µL 10 µL 
Micropipetters

Purchased 
& Salvaged $5,000 5

Other $3,800
Water purifier Purchased $3,000 3

Ice machine Purchased 
Used $800 5

Fume hood In room ($8,000) 5
Grand Total 
Purchased/(salvaged)

$52,800 
($148K)



Safety: The primary concern for MPBIL managers is the 
safety of those working in the space. Therefore, individuals 
wishing to work in MPBIL are required to receive both tech-
nical and safety training. Since MPBIL is a fully functional 
wet lab, complete with the hazards (physical, chemical and 
biological) that one might expect to encounter in a typical 
biotechnology research lab on campus, we decided to adopt 
the same safety structures and policies that are required of 
faculty run biotechnology-related research labs at the univer-
sity.  

Safety training for all individuals (including all instructors) 
working or taking courses in MPIBL starts before they begin 
activities in the lab. First, individuals are required to take a 
two hour on-line course, “Fundamentals of Laboratory Safe-
ty” that is offered by the University of California. This 
course covers general laboratory and chemical safety and the 
use of personal protective equipment (PPE). Users take the 
course on-line and electronically deliver a certificate of 
completion to MPBIL managers for record keeping; certifi-
cation must be renewed every three years. In addition, all 
potential users are required to take a site-specific safety 
training and orientation that identifies laboratory hazards and 
the engineering controls, administrative controls and appro-
priate personal protective equipment used in MPBIL. During 
the site-specific safety tour, users initial and sign a document 
indicating that they have received and understand the site-
specific training. These signed documents are held on file by 
MPBIL staff and are made available during campus or third-
party safety inspections; yearly refresher training is required 
and is documented. Students enrolled in a laboratory course 
are asked to complete the “Fundamentals of Laboratory 
Safety” before the first lab meeting (as homework) and re-
ceive the site-specific safety tour from MPBIL staff on the 
first day of instruction.  

In addition to common laboratory safety training, some 
projects may require the use chemicals and/or equipment 
that necessitate additional safety and disposal consideration 
and training. In such cases, individual users must receive 
additional training from MPBIL staff that includes the de-
velopment of and/or review of existing hazard-specific stan-
dard operating procedures (SOP). All new projects and pro-
tocols must be reviewed by MPBIL managers for safety be-
fore users are allowed to conduct the proposed work.  

Laboratory managers are required to evaluate laboratory 
hazards yearly and ensure and certify that the proper engi-
neering controls, administrative controls, PPE, training, sig-
nage, and waste management protocols are in place to pro-
tect all users of the facility. All PPE is provided to users, 
including laboratory coats, eye protection, and various types 
of gloves. Current MPBIL policy restricts the scope of activ-
ities to those that are classified under BSL-1 and do not re-
quire formal biological use authorization.  

Technical: Technical training in MPBIL is delivered using 
one or more modes of transfer. First, students taking formal 
courses will receive specific training on equipment and 
methods relevant to the class. This training is typically de-
livered by the course instructor and is usually documented 
by the instructor in the form of an assignment. Users inter-
ested in using MPBIL during non-course open-hours may 
request to receive one-on-one training from MPBIL staff. If 

necessary for safety reasons the technical training will also 
include documenting the training on individual SOPs. Final-
ly, in some cases training may occur via peer-to-peer interac-
tions. Several students have become “technical experts” on 
certain equipment and and have been “deputized” by MPBIL 
staff to train other students. While at the moment no formal 
documentation or certification exists for technical training, 
the anticipated growth in users is likely to drive the creation 
of formal “student expert” designations and the associated 
creation of formal certification and documentation for reach-
ing “expert” status.  

Access control: Once all common safety training is complet-
ed, a user is certified to access and use the lab during their 
class period or during any of the open hours provided their 
project(s) have been reviewed and approved by staff. Users 
are not allowed to work alone in MPBIL.  

Measuring impact 

Since the mission of MPBIL is explicitly to provide a di-
verse set of new opportunities for students on campus the 
short term measures of impact are largely limited to measur-
ing evidence that MPBIL can deliver on the proposed ability 
to host a wide variety of new activities in the area of 
biotechnology, that the space is seeing increased use year-to-
year, and that there is progress towards making MPBIL fi-
nancially self-sustaining. Long-term metrics of success will 
include financial stability, greater student involvement in 
management, evidence that activities in MPBIL are positive-
ly impacting retention in STEM particularly for women and 
underrepresented minorities, opportunities to raise the pro-
file the department, college and university, and various mea-
sures of perceived value and need by students and faculty on 
campus versus other priorities for the space.  

In the short term we have focused primarily on demonstrat-
ing that (a) MPBIL could function as a multi-use space (b) 
that students could propose and execute independent 
projects, (c) that new courses (lower and upper division) 
would prove attractive to students, and (d) that MPBIL could 
effectively help students interested in entrepreneurship suc-
cessfully move from concept-to-company.  

RESULTS 
Since 2015 MPBIL has helped to foster the development of 
novel hands-on and cross-disciplinary courses, new hands-
on experiences for Freshmen, and independent student-de-
rived and driven projects. MPBIL has supported senior de-
sign projects, student club projects, and student entrepre-
neurs. Students served come from the Colleges of Engineer-
ing, Biological Sciences, Agriculture and Environmental 
Sciences, and Letters and Sciences (Table 2). Approximately 
50% of students served by MPBIL have been women. Data 
has not yet been collected on other traditionally underrepre-
sented groups in STEM fields.  

Growth in student activity has been carefully managed. In 
2014 fewer than 10 students working on independent 
projects used MPBIL. While few, these students helped to 
move and to organize equipment in the space and helped 
staff recognize structural improvements that would be re-
quired to offer the first courses. In 2015, two new depart-

!3



mental courses were added to the list of activities. Capstone 
design students were also supported. Additional courses 
were added in 2016 and 2017. In 2015 and 2016 MPBIL was 
also used to host students participating in the international 
Genetically Engineered Machine (iGEM) competition. The 
collective growth of activity is shown in Fig. 1.  

Classroom use 

MPBIL has been designed to be a flexible space that can be 
quickly transitioned between different types of activities. 
This has enabled us to teach host 6 different courses during 
the spring quarter of 2017 in addition to various independent 
projects. All new courses that have been added since March 
2015 are listed in Table 3 and highlight the ability of MPBIL 
to enhance formal educational opportunities by offering a 
diversity of both lower and upper courses.  

Promoting innovation and entrepreneurship 

One of the core objectives for MPBIL is to explore the ex-
tent to which a facility like this can open opportunities for 
undergraduate students in innovation and entrepreneurship in 
biotechnology. This initiative has been greatly aided by a 
faculty grant from the VentureWell Foundation and has re-
sulted in MPBIL helping to launch three student-derived and 
run companies (Ambercycle Inc., Ravata Solutions, and 
Chromatiscope). The first two of these companies have 
raised significant external funding and the third is now be-
ginning to formally seek external investment and/or founda-
tion awards. Like our course offerings, these three compa-
nies also highlight the diverse types of activities that stu-
dents have engaged in. Ambercycle Inc. used MPBIL to ex-
plore biochemical solutions to problems in plastic recycling, 
including enzyme engineering and associated protein bio-
chemistry. Ravata Solutions Inc. integrated cell biology and 

!4

Table 3 New courses enabled by MPBIL 2015-2017

Class 
Designation Description Quarters 

Offered
BIM 140L 
Protein 
Engineering 
Lab

BME upper division elective 
- protein engineering, 
expression and purification.

Spring 2016

BIM143L 
Synthetic 
Biology Lab

BME upper division elective 
- applications of synthetic 
biology

Spring 2015, 
Spring 2017

DES128 
Biodesign

Design upper division 
elective- biodesign 
theory;bioengineering 
kombucha derived fabric.

Spring 2017

BIM189A 
Microscope 
Theory and 
Practice

BME upper division elective 
- microscope theory and 
practicum.

Spring 2015, 
Spring 2016

Freshman Seminar Courses 7 New 
Courses

Hands-On 
Engineering of 
Genetic 
Systems

Design, build and test novel 
genetic circuit elements.

Winter 2017, 
Spring 2017, 
Fall 2017

Making a Mutant 
Protein

Engineering and testing mutant 
proteins.

Spring 2017, 
Summer 2017, 
Fall 2017

Disease-linked 
Gene and its 
Role in Neural 
Development

C. elegans: identifying how 
mutations in a Schizophrenia-
linked affect worm motor 
neuron function.

Spring 2017

Regulation of the 
CoQ Super 
Complex

In yeast, characterizing the role 
of different proteins in energy 
metabolism. 

Spring 2017

Nectar 
Microbiome planning in progress Fall 2017 

2 sections
Genetics and 
Protein 
Expression in 
Cultured Cells

planning in progress Fall 2017

Ion Channels 
and Frog Eggs planning in progress Fall 2017

Table 2 Number and fraction of students by college Fall 2014-
Spring 2017

Students Served By percent College

76 27.9% Biological 
Sciences

161 59.2% Engineering

32 11.8% Letters & Sciences

3 1.1%
Agriculture & 
Environmental 

Sciences

272 Total

Fig.1 Number of students served per academic year 2014/2015 
- 2017/2018 (projected)

2014-2015
Year 1 - Limited Student 

Projects & Classes

2015-2016
Year 2 - Recalibrating for

Increase in Student

 Projects and Classes

2016-2017
Year 3 - Addition of New

 Upper and Lower

Division Classes

2017-2018

(projected)
Year 4 - Additional 

Classes, Student 

Projects, Opening 

of BSL-2 Lab

1
0
0
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0
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biochemistry in MPBIL and our campus micro/nano fabrica-
tion facilities to engineer and test design prototypes for sin-
gle-cell transfection. Finally, Chromatiscope is integrating 
physical prototyping with microbiology and synthetic biolo-
gy to develop low cost instruments for K-12 educational 
settings. Chromatiscope, it should be noted, originated from 
a student side-project conceived during an offering of 
BIM143. 

DISCUSSION  

The trajectory of MPBIL has been one of growth in diverse 
areas and one that is beginning to show evidence of 
achievement in meeting some of its short-term objectives. 
Through a partnership with the campus Freshman Seminar 
program, various new hands-on courses are reaching 1st year 
students and offering the hope that MPBIL might become an 
important campus resource for influencing STEM retention. 
New upper division courses and the use of MPBIL by stu-
dents completing capstone design projects suggest that MP-
BIL is enhancing the BME curriculum. Meanwhile, new 
course offerings like DES128 (Biodesign) demonstrate how 
the flexibility of the space can also enhance the curriculum 
of majors outside of engineering and foster interdisciplinary 
courses and projects. Independent projects and the iGEM 
team round out a broad set of possible activity.  

While we see good progress, we can reflect on some 
achievements that are particularly satisfying and some chal-
lenges we have experienced with growth. Among the satisfy-
ing experiences we include assisting in the formation of 
three student-run companies. Early on, we found most of our 
colleagues to be ambivalent towards the ambition of promot-
ing undergraduate student entrepreneurship. The most com-
mon sentiment could be summarized by the following quote 
we received from a colleague via email:  

“The fact is that BS degree students are probably not <sic> 
founders of biotech companies. PhDs are usually the 
founders.”  

This comment reflects an old but pervasive cultural bias 
regarding the capabilities of undergraduate students at this, 
and we suspect many similar, universities. However, we be-
lieve that the relatively small monetary (~$9000) investment 
that was required for us to catalyze three student companies 
demonstrates that we should not be so cavalier in dismissing 
the potential innovative and entrepreneurial output of our 
~30,000 undergraduate students. Fortunately, several new 
initiatives on our campus seem to be chipping away at the 
antiquated PhD-only attitude and are beginning to help make 
strides to engage a greater number of our campus communi-
ty in innovation and entrepreneurship. We note that for us, 
one key element underlying the success of these three com-
panies has been the establishment of a positive relationship 
between MPBIL and our campus’ technology transfer office. 
The latter have helped our student groups navigate issues 
related to intellectual property, provided local business men-
tors, and provided low-cost access to various entrepreneur-
ship training academies and programs on campus.  

As growth in MPBIL continues, the numerous and diverse 
activities served in the lab create a challenge for the facili-

ty’s upkeep and maintenance, a challenge compounded by 
the fact that, by design, many of the users have little or no 
previous laboratory experience. This requires us to conduct 
relatively frequent maintenance checks and service to some 
core equipment. For instance, we have found that our mi-
cropipettes need more frequent cleaning and calibration than 
in the typical research lab and that stocking extra instru-
ments can be key in making it through an academic term 
with enough working instruments. Increased use has also 
required a shift in strategy to maintain adequate cleaning, 
autoclaving and stocking of consumables. We are consider-
ing various models of student involvement to overcome this 
and other basic management issues.  

Finally, growing and expanding activities will depend on 
establishing a robust funding model. Currently, MPBIL is 
funded via a patchwork of sources that reflect the diverse 
hosted activities. These sources include recharge activity, 
classroom use and teaching, and some extramural foundation 
funds. The department also contributes to a fraction of staff 
salary and to the purchase and maintenance of equipment. 
However, while these sources have allowed us to operate 
thus far, none are currently robust or reliable long term.  

In the coming year we are planning for our next incremental 
growth phase. We expect to host more courses, host two de-
sign competition teams (iGEM and the BioDesign Challenge 
competitions), increase student club activities and indepen-
dent projects, and explore partnerships with local biotech-
nology companies. In addition, we will open a new BSL-2 
rated space immediately adjacent to our traditional prototyp-
ing lab that will enable work with mammalian cell lines, and 
support for faculty research activities. The new lab will also 
provide closer physical integration with the existing 
electromechanical prototyping lab, finally enabling us to test 
the notion of prototyping complex hybrid devices involving 
the design, building and testing of molecules and machines. 

In sum, we believe that the concept of a biomaker space, 
while still relatively new, is viable and critical to expanding 
the reach of maker activities at universities beyond the tradi-
tional engineering and design departments. We expect that 
growth of MPBIL will continue to enable UC Davis students 
to explore various facets of biotechnology and hope that our 
example might inspire the creation of similar spaces else-
where. 
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