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Abstract — Several initiatives have been implemented to
provide hands-on experiences for undergraduate chemical
engineering students with a concentration or emphasis in
biochemical engineering. At San José State University, a
laboratory course was developed that introduces
molecular biology methods through a five-week subcloning
experiment in addition to sessions on fermentation,
protein purification, and protein handling. The

purification of green fluorescent protein, that has been
produced in the fermentation, includes hydrophobic

interaction and ion exchange chromatographic methods.

A session on enzyme kinetics involves the measurement of they find it challenging.

Michaelis-Menten kinetic parameters of the hydrolysis of a
colorimetric substrate of trypsin. In addition, this year,
two inquiry-based lab periods have been included for the
students to explore a question of their choice and learn to
design and execute an experiment.

Index Terms - Bioprocess Engineering Laboratory Course,Davis[4].
chemical engineering, green fluorescent protein, inquiry-basesJSU,

learning.
BACKGROUND

The chemical engineering curriculum has been
graduates.

the growth of those industries[1].

rapid
evolving in recent years to address the needs of curre
More and more graduates are entering t
biotechnology and pharmaceutical industries, in response {
Until recently, chemical

and constitute the upper division elective courses that are the
foundation of the Biochemical Engineering Emphasis.
Students in their senior year or beyond of chemical
engineering may take the lecture course. If they have taken an
upper division biochemistry course they may also take the
lecture course even if they are not yet in their senior year.
With regards to the laboratory course, senior chemical
engineering students or juniors who have completed the CHE
192 lecture course may take the laboratory course. In
addition, students from the biochemistry or biology
departments may also take the laboratory course, although
In fact, students from other
departments are recruited for the laboratory course to foster
the multidisciplinary environment that is prevalent in
biotechnology companies.

The laboratory course was fashioned as an adaptation of
the ECH 161L Bioprocess Engineering Laboratory Course
developed by Professor Karen McDonald in the Chemical
Engineering Department at the University of California,

To support the laboratory course development at
an NSF Course, Curriculum and Laboratory
Improvement grant was obtained[5]. The funds suppohted t
purchase of two computer-controlled fermentors and a gas
analyzer for the offgas. An Agilent University Philanthyop

| rant was awarded that included a HPLC/MS and a 2100

joanalyzer. With the help of some small grants and
nations of equipment by local biotechnology companies, th
gboratory was fully operational.

COURSE OVERVIEW AND GENERAL SKILLS

engineering curricula included lecture classes and some unit
operations laboratory courses to give students practice with The thematic thread of the course is green fluorescent
chemical process units. While lecture courses are less cosflyotein. There are several reasons why this is a godaéimpro

to offer and require less time input by the faculty, e¢hisra
consensus that students should be given opportunitieano

for students to work with to learn basic laboratory tégpies.
The protein is very stable and can be exposed to different

engineering with a hands-on approach, preferably in abuffers and pH environments without being denaturedods

inquiry-based format[2].
(SJSU) College of Engineering is committed to help estitsl
to be well prepared to begin working in industry daling

The San José State Universityot need to be kept cold to prevent degradation. Likewis

since you can detect it with a naked eye by shining a long-
range ultraviolet (UV) light on it you can quickly idemti

completion of the bachelor's degree. Thus, the lecture coursdere it is. For example, in performing ultrafiltratiggou can
alone was determined to be inadequate to educate the studes#s immediately whether it is in the retentate, permeate or

in biochemical engineering.

both. Of course this does not model the real situatiohijtb

In order to facilitate students learning the principles offacilitates that the students be introduced to many new
biochemical engineering, a one-semester laboratory coursechniques without requiring additional steps to quarttify

(Biochemical Engineering Laboratory, CHE 194[3]) wasprotein concentration.

The concentration of GFPuv can be

developed to accompany the one-semester lecture courdetermined using a spectrophotometer at 397 nm where the
(Introduction to Biochemical Engineering, CHE 192) offeredextinction coefficient is 30,000 liter mibbmi'[6]. Students
at SJSU. Both of these courses are three-unit elective coursms also use a simple fluorimeter to detect and quantify the
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protein when it is in the bacteria. The absorbanc&he final class period is dedicated to comparing the expression
measurement requires lysing the cells and removing the cddlvels of the GFPuv in the BI21(DE3)-pET-GFPuv hoghwi
debris, which results in some loss of the protein, big th the levels in the HB-101-pGLO bacteria. The level of

method works well for the protein purification labs. fluorescence in the BI21(DE3) pET strain is about 50%édrigh
Although all the bacteria handled during the course aréhan with the pBAD-transformed strain.
generally recognized as safe (GRAS) organisms, there are still As this is the first time that many of the students aragloi

safety issues for the students to consider. During thmolecular biology, it normally happens that some of the
molecular biology labs, ethidium bromide is used to tifien students get very faint or no bands on the gels. Forpram
DNA bands on the gels. Students are cautioned to weafter the PCR step, often there are bands that are toddaint
gloves and thoroughly clean any spatulas or other toolstasedthe students to realistically complete the remaining steps with
handle the gels. The binders of MSDS in the lab are availabldequate DNA to insert, transform, and successfully obtain
for all chemicals handled and students are advised to consghlonies. This situation is handled by having studerits w
those reports prior to working with any chemicals. @and very bright bands share some of their DNA with the stteden
safety goggles are worn at all times in the lab. without adequate DNA. The principle technique that has not
Students are expected to develop certain basic skillget been mastered by the students is pipetting, and the novices
during the laboratory course. The list of learning objestiv need to practice for a few lab periods. So far, every year there

pertaining to general procedures is: are students who complete all the steps and successfully obtai
colonies expressing the GFPuv. The specific learning
L EARNING OBJECTIVES: GENERAL PROCEDURES objectives for the subcloning experiment are listed below:
1. Explain any term on the syllabus to a lay person. LEARNING OBJECTIVES: SUBCLONING EXPERIMENT

2. Carry out bioprocess and molecular biology experiments
taught in the course in a safe manner.

3. Document an experiment in a laboratory notebook format.
4. Determine the total protein in a solution of proteins.

5. Transfer volumes of liquid accurately using micro-pgostt
6. Prepare buffer solutions at the appropriate pH.

7. Concentrate a protein solution using a stirred-cell 18. Purify plasmid DNA using a mini-prep kit

ultrafiltration apparatus. 19. Identify ribosome binding site, start and termination

8. PreP"?‘fe hutrient agar and nutrient agar plates. locations of gene transcription, location of PCR primer
9. Sterilize solutions and components using a steam autoclay,

) ) ' , S'rnding, promoter and other key features of a plasmid.
10. Measure optical density of bacteria and estimate the 20. Estimate the volumes of insert and vector solutions
concentration of bacteria in a sample. necessary for a ligation.
11. Streak a nutrient agar plate with a solution of bacteria 21. Ligate an insert into a vector using a 5-minute kigekit
appropriately to achieve single colonies.

) I . 22. Identify the bases on sticky ends of DNA cut with know
12. Measure fluorescence and optical density in the linear ty y

. fthe | restriction enzymes.
region of the instrument. 23. Determine whether an insert is present after ligatioch an

SUBCLONING EXPERIMENT transformation.

13. Transform competeit coli cells with a plasmid.

14. Cut DNA using a restriction enzyme.

15. Estimate the annealing temperature of a PCR primer.

16. Estimate the size of DNA using gel-electrophoresis.

17. Purify a band of DNA from an agarose gel using a
commercial kit.

During the first five weeks of the course, students perfor The remainder of the course is split into three three-week
a subcloning experiment. Students are split into §ik@ups modules. The class is divided into three groups with a
with a maximum of 4 students per group. The gene for greemaximum of 6 students per group. Students carry out
fluorescent protein (GFPuv developed by Crameri [7]) idermentation, protein handling — including enzyme kinetics
amplified from the pBAD-GFPuv plasmid with polymeraseand ultrafiltration, and chromatography. Two labs are
chain reaction, cut with two restriction enzymes, and inserteicluded, as well, for students to propose, designexedute
into a pET vector for high protein expression levels[8] an experiment of their own interest.
Students learn basic molecular biology methods as well as
sterile techniques. The goal of this experiment is to ifplid CHROMATOGRAPHY MODULE
some of the biology content they learn in the lecture course by

) . Many biochemical engineers working in industry focus on
actually performing the experiments. The students learn abo%B y g g y

; . = wnstream processing. One of the principle methods used
b"’?Cte”a' fransformation "’.md the_ process _for designing PCR e purification of proteins is chromatography. the lab
Erlmers, amdong otEer top|gs. ﬂlt IS no(; thg mterr:t “’?a“er.‘ts .Iclass, a Fast Performance Liquid Chromatograph (FPLC) is
€ prepare .to take a Job after gra uation that is prynarlsed to purify GFPuv from cell extracts (Pharmacia LKB-501
molgculqr biology, but it is helpiul for the chgmlcal Plus  Controller with  FPLC Direktor software).
engineering students to understand the molecular biology Phromatography steps comprise two of the three week®of th

order to communicate effectively with biologists and .41 and the third week is set for one of the inquity |
biochemists in the companies where they take employmentyqqions.  The procedure for the purification of GFRuv
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adapted from Chalfie and Kain [6]. Students are providel wit
approximately 1.5 mL of concentrated cell extracts to start thprotein compared with the same ratio determined in the
purification. The objective is to perform first a hydnopic  original cell extracts. The yield of GFP is the fluorescence
interaction chromatography (HIC) step followed by times the volume of product of the purified solution fe&to
concentration of the fractions with ultrafiltration andrthi®  the same value calculated for the original cell extracts.
perform an anionic exchange (DEAE) step. Typical plots oStudents report both the purification factor and the yadéter
the elution profile of the HIC and DEAE steps can be seen inach step of the purification process. Typical values of the
Figures 1 and 2, respectively. purification factors and yields are listed in Table I.
Students are also asked to consider how the procests coul

LT T 120 be scaled up to purify the cell extracts from a fermentation

run. The learning objectives for the chromatography lab
100 include:

----- % High Salt
0.8 H[™, ——AU (280 nm) |

1 8o LEARNING OBJECTIVES: CHROMATOGRAPHY

24. Partially purify GFP using an FPLC.
25. Analyze the purity of a protein of interest throughibet

] steps of a purification process.
40 26. Identify the fractions of eluate that contain the pnotdi

AU (280 nm)
1ES YSIH %

0.4 H .
. l.

N ] interest.
7 20 27. Predict the elution time of a column based on exgetiah

m | h 1 data.

' A o] i i
o’ P oo Y- . 2500 28. P_erform a HIC chromatography step to partially guaif
. ml protein.

Begin GFP elute 29. Perform an ion-exchange chromatography step to partially

purify a protein.
FIGURE 1
HIC PURIFICATION OF GFRUV PROTEIN HANDLING M ODULE

03 —p——————— 1 60 Proteins are a common product in biotechnology

r —— AU (280 nm) P companies and thus, their special handling requirements merit
o2s F || - % High Salt 1 50 time in the bioprocess engineering laboratory. The first week

I 1 of the module is dedicated to determining the kinetic

’ ] parameters of an enzyme. The lab was designed to be as
inexpensive as possible, which presented a challenge because
purified enzymes are often high priced. Trypsin, howesge, i
common enzyme because it is used for many applications in
C ] ] tissue culture and digestion of protein samples. The sadirce
o1t r 1= trypsin is a 500 gram bottle of Fisher laboratory gragestn,

X 1 and a colorimetric substrate was identified so the kinetics can
0.05 [ 1o be easily measured in a spectrophotometer. The substrate is
I t\ I 1 benzoyl pL-arginine p-nitroanilide hydrochloride, which is
e 20 db a0 50  60° hydrolyzed ft(t) prpo{gfe _Ip_)r-lnitroanaline/DL(bB,?Pf\) in tt?e .

. resence of trypsin[9]. is enzyme/substrate combination
Begin GFI;E:J‘;J[E"'Z ml Eas some intgrpesting educationaSI/ advantages, namely, the
DEAE PURIEIGATION OF GERUY autohydrolysis of trypsin and the precipitation of thbsérate
together expose the students to some typical challenges of
ncéetermining enzyme kinetic parameters. Because of both the
Fautohydrolysis and the precipitation, the data is highly
scattered (see Figure 3) and the students need to thoroughly
discuss the sources of error in their reports.
TABLE | The first year the class was given, the enzyme kinetics lab
PURIFICATION FACTORS ANDY IELDS OFGFRUV was run as an inquiry experiment. Students were presented
with the enzyme and substrate and told which pH to use and

AU (280 nm)
e
G .
|
[¥+]
[+]
Mes YS1H %

Finally the students concentrate again the pooled fractio
and measure the final purification factor and total GF
present. The purification factor is the ratio of GFP talto

Purification Factor | Protein Yield what the extinct_ion coefficient of p-nitroanaline was, gyt
Initial 1 1 were to determine the proper concentration of enzyme to use
and what range of substrate concentrations to use. THe resu
Post HIC 6.2 0.481 was the students spent the lab period testing varidutoss
Post DEAE 7.4 0.095 and each time measuring not enzyme kinetics but rather the
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kinetics of precipitation of the substrate in the cuvettdsusT 31. Design an experiment to confirm thg:land K, of an

for this experiment, it was determined that a “cookbook’enzyme.

strategy was the most effective to enable them to collect tH&2. Design and experiment to measure theakd K, of an
necessary data to determine the kinetic parameters. Tleazyme for a non-colorimetric substrate.

procedure for the experiment is available on the cours83. Measure the rejection coefficient of a membrane in a
website [3]. The limited solubility of the substrate présen cross-flow apparatus.

the determination of the rate close to thg.,\/but a typical

plot (Figure 2) of the kinetics enables the estimation.gékd FERMENTATION MODULE

Kwm. It can be seen that the error in the estimationspékd

i The first week students prepare the fermentor with a
Ky are very high (standard error about 50%). prep

semi-minimal media. The media used is described by

! trypsin concentration = 45 mg/liter Reisenberg [10] with the addition of 0.1 g/l of yeastrant.
- . 1 The wildtypeE. coli are able to grow in the minimal media,
. but the transformed cells only grow with the additionthu
E N E yeast extract. The strain grown in the fermentor is the
= i BI21(DE3) pET-GFPuv E. coli that the students prepariil
% ol ] the subcloning experiment. As the fermentation experiment is
= i much longer than 5 hours, the TA or instructor must tend
E L
s 06 - W = (m " MDY+ H0) ] E 100 by ' '
- [ Velus | Error E '\ =— Dissolved Oxygen %
é 04 m1 43725 | 16707 - -\ 4 Oplical Density (600 nm)
i m? 10386 | 52207 é 80 - W 7T Oxygen Uptake Rate (mM/hr)
L Chisg | 0048835 1A ] L
0.2 R| oo3720 NA 7] = 1 g
2 60 - 1 B
PR S S S RSN S S BN SR ~ \ it TS . i
i 1 z 3 4 5 E 'l s s
[DL-BAPA] mM o “of - ; sl
o ‘ ----- ‘ & . I\
g .
FIGURE 3 A& = . s .
HYDROLYSIS OF bL-BAPA WITH TRYPSIN O.\ __-" I'\ i fl"'l‘ II".
£, b it
The second week of the module is an experiment on cro: 8 ° s 10 15 20 25
flow ultrafiltration. The apparatus consists of a pumgmall Run Time (hours)
tank, a pressure meter and the hollow fiber membrane moduie
with two simple valves, one upstream and one downstream FIGURE 4
from the membrane, to allow for control of the cross- FERMENTATION GROWTH DATA
membrane pressure drop. The students are to determine 500 (500
rejection coefficient €) of the membrane as a function of o ] e
. . . ~ r Glucose Consumed (mM) =
pressure for milk protein according to (1), = [ 4 Normalized Fluorcscence * ] e
£ 4oo A - 4000 @
= i <0 2
=
o=1-S¢ (1) g | A
C E 300 [ L~ 4 a + 3000 @
R : o z [ s ] =
where G and G are the concentrations of protein in the g q /' . ] g
permeate and retentate, respectively. Protein concentratio © =zoo [ Fr - 2000 2
are determined using the Pierce Coomassie-Plus reage § '/ & =5
Additionally, the concentration factor as a function of pressu § o0 | ‘f 1 1000 <
is determined by (2) as & i e ] g
- Y ,Er
[ e 1 | 1 |
+ o =l o
CF =VR VF (2) o 5 10 15 20 25
Ve Run Time (hours)
where & and \t are the final volumes of retentate and
permeate. The learning objectives for the protein handling FIGURE 5
module include: GLUCOSECONSUMPTION ANDFLUORESCENCE

LEARNING OBJECTIVES: PROTEIN HANDLING

the process for the beginning of the run until the stisden
come to class. Frequently, students participate outsile th
regular class time in order to learn the entire procedure well
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Typical data from the fermentation can be viewed in Figuredata they gathered. Well written reports include a thorough
4-5. Note that the fluorescence shown in Figure 5 is retated evaluation and interpretation of the results in the discussion
the expression level of the GFP and thus provides a sanple section that lead to the statement of conclusions from the
fast way to identify the levels of recombinant proteinexperiments. This is a process that requires critical ithgnk
expression. The fluorescence is normalized to the opticakills that students must possess to be effective engin€kes.
density to show that the amount of protein expressed per ceeport format is described below.

increases after induction. The learning objectives for the

fermentation module include: L ABORATORY REPORT FORMAT

L EARNING OBJECTIVES: FERMENTATION The report is broken into two parts. The Objective, Malter

34. Prepare a fermentor for autoclaving and autoclave it and Procedure are to be turned in at the beginning of the class
' : period when the experiment is performed. In this way,

35. Prepare a semi-minimal media forEarcoli fermentation. .
L,Jdents are prepared to carry out the experiment. The

36. Perform a carbon balance on a fermentation as the materg;\ , ) . )
balance for the process esults, Discussion and Conclusion are turned in a week after

37. Perform an ATP balance on a fermentation as an estimdfif €xPeriment is performed. Each section is describatidor
of an energy balance students. Examples are presented on the course website to
38. Sample a fermentor assist the students with writing their reports.

39. Measure the optical density of a fermentation sample usi bJeCt'Ve:. One c\)(r twohse?(;et;lcesbldescrlb{ngIthe ?}Wpose of
a UV/Vis Spectrophotometer the experiment. You should be able to articulate this poior

40. Measure the glucose concentration of a fermentatiol®ing the experiment. Ask yourgelf, "Why are we <_joiri_g?th
sample using a YSI Glucose Analyzer and let the answer to the question guide your objective. The

41. Estimate the oxygen uptake rate, carbon dioxide evqutio?PjeCtin shc_)uld b? moLe focusedf than "tc.) use a Sarticular
rate and mass transfer coefficients using measurementg of (ﬁ'ece o equ'ment" such &s run a fermentation or to do a
CO, and total gas flow of the offgas of a fermentor. type of experiment” such @e do a miniprep. These do not

42. Estimate the glucose consumption rate in a ferment Swer the question, WhY' . .
based on glucose concentrations. aterials Used: Since this portion should be done prior to

43. Identify thephase of a fermentation run based on thethe actual experiment, it is recommended that you work on it
dis.solved oxygen data during the previous week while you are in the lab.
) Chemicals note the brand, catalog number (if available on the

44. Determine if a contaminant organism is influencing a g
fermentation run packaging) and reference to any relevant hazardous

45. Estimate ¥s, and Yy in a fed-batch fermentation run ggggﬁggg? é?gﬁlitﬁ%rilgrfg or:’r?izdaer)?ous chemicals need to be
INQUIRY -BASED L EARNING Equipment: list the equipment used for the experiment
_ _ including make and model. Be careful to note if there are
Two lab periods are open for students to address dique$  perishable solutions as part of the piece of equipment aed not
their own choice in the laboratory. The details of thisthe date prepared. Some equipment include several parts, e.g.
assignment are described in this proceedings [11]. Th@e Pharmacia FPLC has detachable columns, pumps,
students are to submit a proposal for their experimelegat  detectors, fraction collector, computer and software. Note

two weeks prior to the class period when they conduct thghanges relevant to each experiment, e.g. you changed the
experiment. The proposal should state the objective of thgyjumn, or the column media, etc.

experiment and demonstrate the significance of thergcedure

experiment.  This allows the students to learn more on thehe steps of the experimental process are listed. You should
particular topic they are interested to pursue. The leamingclude details here of how to set up the equipment, ifeitise
objective for the inquiry experiments is to be set up. You should include relevant times, suchws ho

) ) ~ long it takes to warm up, if it needs to warm up, etc.
46. Students can design and execute an experiment in the |nclude details of the order chemicals are put intoisolsit

bioprocess lab. listing the exact amounts added and also the molar
L ABORATORY REPORTS concentrations. Note the order to add the componeritssif
necessary.

The weekly laboratory reports and one major report cotestitu 3 Accuracy is more important than length. For the report
50% of the grade for the course. The emphasis on repqfclude adequate information for another person to repeat the
writing is to help thg students learn to carefully docurt_iemr experiment, assuming they already have run similar
data in their experiments as well as to be able to discess texperiments.

outcome of their experiments. The discussion has praven 4. procedures carried out earlier may be referenced by stating
be the most difficult part of the report for the student®iey the date of the lab.
are often inclined to simply repeat general information about Results: Describe the outcome of your experiment. Be as
particular technique or repeat the typical sources of error fro clear and complete in your presentation as possible. Results
one report to another, without reflecting on the meanfripe
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should be appropriate to the experiment. For most striight McNeil and S. Rech at SJSU. Additional funding was
plots, just include the equation with the relative varianée (R provided by the California State University Program in
Discussion: Discuss your experiment. The discussion shouldEducation and Research in Biotechnology (CSUPERB).
not inlcude merely restating the procedure that was followe8quipment has been donated by Novartis (Systemix), Gilead,
or the general significance of the technique such as could #ade Behring, Chiron, and DNAX.

found in a textbook. Include all your observations alibhat Students from the class contributing data to this paper

experiment hereAnything you put into conclusions should be include Raj Virk, Nimoal Sun and class of Spring 2006.

described here firstf there was previous work in other labs,
list references here.

Conclusions

1. A simple and concise statement is appropriate if there ald
conclusions. 2]
2. Do not jump to conclusions that you have notI
demonstrated.

3. The conclusion should have technical content, not Bl
summary of the actions performed in the experiments. elf th4
objective of the experiment was to determine some parametérj,
the parameter should be presented together with the standard

error. [5]
SUMMARY

. . 6]

A laboratory course to provide hands-on experience in

bioprocess engineering was developed for chemical

engineering  students. Students learn fermentatior!]

chromatography, determination of enzyme kinetic parameters,
ultrafiltration and some molecular biology. The goal of thejg)
course is to prepare students to work in biotechnology
companies upon graduation with their chemical engineering]
degrees. A strong emphasis is put on proper repoihgviit

the course to help hone their written communication skills.
Procedures for the experiments are all available on the courél
website.

[11]
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