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Abstract

The parallels between engineering and science are vast, as both disciplines apply theory and inquiry to solve complex
problems. In order to prepare students for interdisciplinary careers in STEM, we have developed a lab project in which
engineering students in an Engineering Chemistry course pair with engineering students taking Cellular and Molecular
Biology to investigate the biological relevance of superparamagnetic iron oxide nanoparticles (SPIONs). SPIONs are at the
forefront of investigation across several different fields, which makes them an exceptional interdisciplinary educational tool.
The collaboration takes place over the course of three (3), 2-hour lab periods, with additional checkpoints during the biology
component. Two of these periods are designated for synthesis and characterization of SPIONs by the chemistry students, and
one lab period is designated for induction of toxicity assays and cytotoxicity analysis by the biology students. Rather than a
traditional written lab report, we have challenged our students to infuse their analysis with creativity by filming a video lab
report. Scores are generated based on presentation style and creativity, scientific accuracy, ability to develop and explain
their hypothesis, data analysis, and interpretation of findings on a larger scale.
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Learning Goal(s)

From the Ecology Learning Framework:

e What impacts do humans have on ecosystems? Students will
explore the properties of different types of SPIONs and investigate
their toxicity effects on an organism.

From the Science Process Skills Learning Framework:

e Predicting Outcomes. Students will generate a hypothesis on the
effect of different types of SPIONs on brine shrimp.

e Interpreting results/data. Students will analyze data from several
different experiments to assess toxicity.

e Communicating results. Students from different courses will work
together as part of a larger group to contribute to the project; and
students will work together to develop a video lab report that
communicates the experimental details and results.

Learning Objective(s)

Students will be able to:

e design a synthesis for SPIONs given the basic formulation.

use spectroscopy to measure the quantity of a solute in solution.
conduct an NMR experiment to measure T1 relaxation.

develop a hypothesis related to toxicity of SPIONs based on
functionalization.

use trypan blue for preparing biological samples to study mortality
rates.

set up a population growth experiment.

analyze data from multiple experiments to draw a conclusion about
the effects of a pollutant on an organism.

collaborate with individuals from different backgrounds to produce
an interdisciplinary final product.
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INTRODUCTION

The first year for a typical engineering major at any school
tends to be intensive in science and math courses, with very little
actual coursework in engineering. Thus, with minimal expertise
in their engineering field of interest, it can be challenging
for an engineering major to recognize how science course
content is relevant to their discipline (1). Additionally, with
nanotechnology becoming an increasing presence in science
and technology, there is a growing need to educate future
engineers on the properties and applications of this technology
(2,3). With these issues in mind, we developed a collaborative
project investigating the synthesis, properties, and toxicity
of superparamagnetic iron oxide nanoparticles (SPIONs) for
introductory chemistry and biology courses at Wentworth
Institute of Technology (Figure 1). In addition to enhancing
technical components in chemistry and biology labs, the primary
learning outcomes of this lab series focus on understanding the
interaction between metallic compounds and cells through
collaboration.
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SPION Synthesis, Treatment, & NMR Analysis
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Figure 1. Flow chart of combined chemistry and biology labs and dissemination.

Besides the growing importance of nanotechnology,
nanoparticles were selected due to the ease of synthesis (4,5)
and the variety of properties that can be investigated (6,7). A
number of lab experiments on the synthesis of nanoparticles
have been reported (2,3,8-12); however, this lab series brings
together engineering students from two different science
curricula, exposing them to the interconnections of science and
technology and how the development of a technology can be
multidisciplinary (13-15). Specifically, this project was framed
as an investigation into the use of SPIONSs as contrast agents in
MRI (16), which directly relates to future coursework for our
biomedical and biological engineering majors. Since numerous
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synthetic variations are available, students can develop and test
a hypothesis relating to either the magnetic properties or toxicity
of the nanoparticles. Furthermore, background related to the
construction of the NMR and MRI instruments, including the
superconducting coil, provides interest for our electrical and
mechanical engineering students.

To begin, chemistry students synthesize the SPIONs and
determine their effect on the T1 relaxation of water hydrogens
using NMR spectroscopy (17). SPIONs are readily prepared
by mixing ferrous and ferric solutions in a 1:2 ratio (Eqation
1) under basic conditions (4,18). However, synthesis must be
performed under inert atmosphere to ensure formation of the
superparamagnetic magnetite Fe,O, form; otherwise, the sample
may oxidize to the maghemite Fe,O, form. A synthesis under
normal atmospheric conditions has been reported and is more
suitable for introductory lab experiments (19). A ratio of Fe(ll) to
Fe(lll) of 2:3 and total Fe concentration of 200 mmol were found
to produce nanoparticles with magnetization properties similar
to those produced under inert atmosphere (20). After SPION
formation, students determine the iron content by dissolving the
SPIONs in acid and generating the red ferrous o-phenanthroline
compound, which is detected using US/Vis spectroscopy (21,22).
Afterwards, students assess the effect of their SPIONs on the
T1 NMR relaxation of water. A discussion of UV/Vis and NMR
spectroscopy are used to support chemistry class content in
electronic structure theory (2,8,9,23).

Equation 1. Fe** + 2 Fe’* + 8 OH  — Fe,O, + 4 H,0O

A number of common functionalization routes have been
reported, including the use of tethered gadolinium complexes
to improve T1-T2 contrast (24) and groups such as Tween
80, polyvinyl alcohol, or polyethylene glycol to improve
biocompatibility (25-29). For this lab, some student groups
functionalized their nanoparticles with citrate and some did not,
the latter serving as a control. Chemistry students performed
their own research into the chemistry of citrate and developed
a hypothesis on how citrate will influence the T1 relaxation of
the water protons. Students on the biology team are familiar
with the role of citrate in cellular respiration and contributed to
discussion surrounding impact on uptake and toxicity. Citrate-
functionalization of SPIONs has been shown to improve cellular
uptake, minimize nanoparticle aggregation, and have minimal
effect on the T1 relaxation time (30).

Upon completion of chemical analysis, the biology students
assessed toxicity of the nanoparticles by investigating lethality
and cytotoxicity using brine shrimp (Artemia salina) as a
model. While nanoparticles have a diverse range of promising
applications, there is concern regarding the impact on living
organisms and ecosystems (8). Making connections between
the biological impact of nanoparticles and their toxicology
is very relevant to the engineers who may use them (31-34).
Systems previously used in the undergraduate setting to assess
toxicity include paramecia and E. coli (7,8). However, brine
shrimp can withstand extreme conditions and environmental
changes; thus, exposure to agents that result in substantial
demise serves as an adequate reflection of the overarching
impact of a given event. In this specific experiment, citrate is
used because it is naturally utilized by cells to facilitate cellular
respiration. However, a synthetic variant could become toxic
past a certain concentration and should be assessed. Since
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Artemia are multicellular eukaryotic organisms that participate
in such respiratory activities, any death following exposure to the
student-made SPIONS would reflect toxicity and thus assist in
identifying the ideal concentration for uptake without lethality.
Based on these factors, it can be suggested that Artemia salina is
an ideal organism for this particular experiment (10,35).

In an undergraduate setting, it is challenging to employ
common assays that are used to assess viability and lethality
because of cost and biosafety restrictions (36). We have
circumvented this issue by employing the trypan blue stain,
which is a safer alternative that can be used to assess cell
survival following exposure to chemicals, nanoparticles, and
experimental drugs. The ratio of live:dead cells can be used as
a preliminary assessment of cytotoxicity and translated to tissue
viability. In addition to having a low biosafety risk, increased
convenience, and a low cost, brine shrimp-based assays allow
students to investigate the immediate impact of SPION samples
in a time frame conducive with undergraduate coursework (35).

Upon completion of this lab series, students completing the
chemistry portion of the lab should be able to follow simple
synthetic chemistry techniques, demonstrate knowledge of
the origin of magnetism, and perform a T1 relaxation NMR
experiment. Students completing the biology lab should be
able to explain the relationship between LD50 and LC50 as
it applies to cytotoxicity and cell death in a model organism.
Students from both courses should be able to collaborate to
synthesize complimentary information during data analysis to
develop and communicate a conclusion.

Intended Audience

This lab series was designed for first-year college students
in introductory biology and chemistry courses. It could be
modified to do at the high school level. In this case, the TT NMR
measurement could be dropped, as most high schools do not
have access to NMRs. Students could focus simply on synthesis
of the SPIONs and assessment of toxicity. Alternatively, high
school classrooms could collaborate with their local university
to access NMR instrumentation.

Required Learning Time

The following procedure is split into three (3), 2-hour labs:
(1) Synthesis, (2) Chemical and NMR Analysis, and (3) Toxicity
Studies. However, the chemical synthesis and NMR analysis
could be fit into a 4-hour lab, followed by a 2-hour biology lab.

Prerequisite Student Knowledge

Students in biology should be familiar with microscopy and
cellular respiration. Students in chemistry should be familiar with
solution chemistry, atomic structure, and oxidation-reduction
chemistry.

Prerequisite Teacher Knowledge

Teachers should know microscopy for the biology component.
For the chemistry component, teachers should have an
understanding of nanotechnology. They should also know
how to run simple UV/Vis and NMR experiments. For both,
they should know how to use Excel for simple data analysis.
For UV/Vis and NMR spectroscopies, we used equipment from
Vernier and Nanalysis, respectively. Both company’s websites
have comprehensive information for educators on how to setup
instrumentation and run experiments.
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SCIENTIFIC TEACHING THEMES

Active Learning

This lab series highlights the natural relationship between
chemistry and biology. In order to highlight the symbiotic nature
of these fields, we specifically chose to have students work
separately on components and then come together to promote
collaboration. This is a common occurrence in the biomedical
field; thus, it recapitulates the working field model. Throughout
the lab sequence, students in chemistry and biology sections
are required to meet and discuss their data to prepare for a final
video lab report. In completing this project, students must be
capable of explaining their data and analysis to peers in the
opposite class and work together to assess their hypotheses,
thus reinforcing the learning experience. Students are given
very little restrictions and are asked to creatively, but clearly,
describe the background theory, their hypothesis, results, and
analysis of hypothesis.

In addition to containing an interdisciplinary educational
component, the labs are also excellent tools to support classroom
instruction. For the biology component, this lab is conducted
in parallel with a module on cellular respiration, and the
role of citrate is highlighted as an integral component of the
Kreb’s cycle. In chemistry, the lab experiments overlap with
lecture material in solid state systems and molecular orbitals,
thus linking nanoparticles and their unique size-dependent
properties to theory. Additionally, the measurement of the
SPIONs’ paramagnetic behavior using NMR spectroscopy
directly relates to conversations on molecular orbital and band
theory on how electronic structure dictates magnetic properties.
This lab activity helps students to understand the utility of such
abstract concepts. The biology and chemistry components can
be strengthened by allowing students to do some data analysis
in class, ending with a discussion of results. The students are
provided with limited background on SPIONSs prior to the lab
in effort to promote independent learning via consultation of
primary publications.

Assessment

There are several different checkpoints to provide learning
support and encourage communication across the group. Both
chemistry and biology students individually turn in their written
lab analyses to their respective instructor for feedback before the
final lab report. The instructors promptly return these analyses
with feedback so that the students can make appropriate changes
and thus learn from their errors. Students must also submit
evidence (in the form of a photo) of their joint meeting to work on
the project. In addition to the photo, students complete a partner
evaluation for each member of the combined group (Figure S4).
This provides insight on the dynamics of the group as a whole
and contributes to the overall faculty assessment of individual
students. The final assessment is a video lab report, completed
by the group of chemistry and biology students. The video lab
report should address: an introduction to nanotechnology, their
hypotheses, results from the chemistry and biology labs, and an
overall assessment of their hypotheses based on the gathered
data. Faculty from both the chemistry and biology components
grade the video lab reports and then average their results to
obtain the final grade.

Inclusive Teaching
Our university has incorporated elements of inclusivity
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throughout all curricula. In the lab, specifically, we follow the
inclusive-by-design approach as opposed to being inclusive-on-
request (37). There are four (4) lab stations in the biology and
chemistry labs that are specifically designed to accommodate
those with physical disabilities as well as processes for chemical,
equipment, and waste handling that allow students to participate
in all aspects of the experiment.

With respect to fostering an environment that promotes
productivity and elevates the learning experience for all students,
we have diversified the materials and models used to deliver
protocols and assessments of student work. Specifically, we
provide all lab protocols in advance so that students can interpret
and paraphrase the methods in a way that is most accessible for
their learning. In each discipline, students work in self-formed
groups. However, during the formation of the larger combined
groups, faculty are intentional, making certain that each group
is representative of the school’s population as a whole. In doing
so, the final groups have a mix of students from different majors,
years, demographic backgrounds, and sexes.

With regards to assessment, we have students produce
both written and oral presentations, which allows students to
demonstrate their learning in more than one format. Support for
the production of the final video is available in the form of lab
access, faculty access, sample work, and detailed guidelines.
At all points during the lab series, students are encouraged
to interact with one another and with faculty to ensure their
educational needs are being met.

LESSON PLAN

In the procedure described below, chemistry student
groups vary the amount of citrate used to functionalize their
nanoparticles during the synthesis step, with some groups
acting as the control and adding no citrate (Supporting File S1.
Toxicity of SPIONs — Lab Handout). Biology students receive
the nanoparticles following NMR analysis and perform toxicity
assays with SPIONs diluted in seawater. While it rarely occurred
that a student was enrolled in both biology and chemistry
courses during the same semester, we did make sure to choose
student groups such that there would only be one such case
per biology/chemistry student group. Details on the Lesson Plan
can be found in Table 1.

Materials and Instrumentation

For the chemistry labs, this experiment uses standard laboratory
glassware, standard 5 mm NMR tubes, coaxial insert tubes for 5
mm NMR tubes (Norell), 2-by-1/16 inch Neodymium rare earth
disc magnets (CMS Magnetics), 2 M iron (Il) chloride, 1T M iron
(1) chloride, T M ammonia, 1.93 M sodium citrate, hydrochloric
acid, ascorbic acid, 1,10-phenanthroline monohydrate, and
deuterium oxide (Aldrich). The Beer’s Law analysis was
completed using the Vernier SpectroVis Plus and LabQuest 2.
NMR data were collected using the Nanalysis NMReady-60 60
MHz benchtop NMR. NMR data analysis was completed using
the ACD/Spectrus Processor software.

For the biology lab, brine shrimp (Carolina, Supporting File
S2. Toxicity of SPIONs — Maintenance of brine shrimp), Instant
Ocean Sea Salt 33g/L (sodium chloride, magnesium chloride,
sodium sulfate, calcium chloride, and potassium chloride;
Carolina), four (4) 15 ml conical tubes, one (1) 6-well plate,
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three (3) petri dishes, trypan blue, phosphate buffered saline
(PBS), paintbrush for collecting brine shrimp, mechanical tissue
disruptor tool, plastic pestles that fit into the 1.5 ml microfuge
tubes, 1.5 ml microfuge tubes, micropipettes and micropipette
tips, glass slides, a dissecting microscope, and a compound
light microscope were used.

Laboratory Exercise

Synthesis, Isolation, and Functionalization of SPIONs

The aerobic synthesis of iron oxide nanoparticles is dependent
on the ratio of Fe?* to Fe** in solution (20,30). The procedure
given to students uses a 2:5 ratio of ferrous to ferric iron. 1.5
mL of 2 M FeCl, was mixed with 7.5 mL of 1 M FeCl,, in which
concentrated HCl has been added until FeCl, is fully dissolved.
Fifty (50) mL of 1 M NH, was added as the solution stirred to
bring the pH of the solution above 9. At this point, students
can either allow the nanoparticles to continue stirring for 30
minutes or add an assigned quantity of 1.93 M sodium citrate
solution and stir for 30 minutes. For the sample data provided
within, 3 different samples were prepared: (1) a control, in
which students added 50 mL of DI water, (2) a sample made
using 50 mL of 0.965 M sodium citrate solution (final sodium
citrate concentration of 0.483 M), and (3) a sample made using
50 mL of 1.93 M sodium citrate solution (final sodium citrate
concentration of 0.965 M).

To isolate the SPIONs, 2-by-1/16 inch Neodymium rare earth
disc magnets were used to magnetically decant and rinse the
nanoparticles. The disc size was chosen to cover the base of the
beaker. Students can then easily decant most of the solution with
minimal loss of the nanoparticles. Four rinses with DI water were
typically performed. The SPIONs can be dried or re-dispersed
in 100 mL of water. If brine shrimp are used for toxicity studies,
then the SPIONs were re-suspended in saline solution.

For the NMR and toxicity studies, the Fe content of the SPIONs
was determined using spectrophotometric analysis. A 5 mL
SPION sample was diluted to 100 mL using DI water. The SPIONs
were then re-dispersed, and a 1 mL aliquot was transferred to
a 100 mL beaker. One (1) mL of 50 - 60°C 1 M HCl was added
while the solution stirred to dissolve the nanoparticles. Twenty
(20) mL of 0.1 M ascorbic acid was added to reduce all iron
to Fe?*, followed by the addition of 3 mL of a 0.2% solution of
phenanthroline in 0.08 M HCI. The solution was stirred for 10
minutes. A Beer’s Law relationship at a wavelength of 512 nm
was determined using a series of Fe(ll)-phenanthroline solutions
with concentrations of 0.01 mM to 0.08 mM (21,22).

T1 NMR Relaxation Measurements

NMR samples of the SPIONs were created using standard
5 mm NMR tubes with coaxial inserts. The target total Fe
concentration was 0.1 - 1.5 mM. To prepare the NMR sample,
700 pL of D,O was added to an NMR tube. To a coaxial
NMR tube insert, 80 pL of the SPION sample was added. This
sample was then sonicated for approximately one minute to
ensure suspension of nanoparticles. Nanoparticles will remain
suspended for approximately 20 - 30 minutes, during which
time the insert tube was added to the NMR tube and NMR data
collected (17,38). The Nanalysis NMReady 60 uses an inversion
recovery pulse sequence, which is a 180-degree pulse, followed
by a tau delay and then a 90-degree pulse. The scan parameters
were: ten (10) points with a tau stop of 20000 ms. The spectral
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width was set to 10 ppm with a resolution of 4K. Depending
on the T1 experiment parameters, data acquisition typically
takes 5 to 10 minutes.

Toxicity Studies

Biology students received SPION samples from the chemistry
students. Serial dilutions of 1:1, 1:10, 1:100, and 1:1000 using
seawater were created for brine shrimp assays. Lethality assays
were conducted in a 6-well plate filled with corresponding
dilutions in addition to a well filled with pure seawater as a
control. Ten (10) brine shrimp were transferred into each well
using a paintbrush, observed using a stereoscope, and incubated
for 2 - 5 days. After 2 - 5 days, students returned to quantify live
brine shrimp and calculate the % dead brine shrimp in each
sample using Equation 2.

Equation 2. % dead = (Number of dead brine shrimp/total
number of brine shrimp)*100%

Cellular toxicity was assessed by transferring two (2) brine
shrimp into a petri dishes containing 2 ml of either pure seawater,
1:10 SPION dilution, or 1:1000 SPION dilution. After incubation
for 25 - 35 minutes, one specimen from each petri dish was
placed on a glass slide and washed in 50 pL of PBS. PBS was
removed via wicking before 60 pL of trypan blue was added
directly to the brine shrimp on the slide. Brine shrimp were
incubated in the trypan blue for approximately one minute
at room temperature before excess liquid was wicked away.
Specimens were once again washed with PBS to remove residual
stain before blue:clear cell quantifications were made using a
compound light microscope.

Following live observations, the specimen was transferred
to a 1.5 ml microfuge tube with 50 pL of PBS. The mechanical
tissue disruption tool was employed to grind the sample into
a cellular suspension for two minutes. After the sample was
completely homogenized, 40 pL of the cell suspension was
used to make a wet mount of the sample to be observed on
high power. Cytotoxicity was qualitatively assessed using the
scale in Table 2.

Potential Modifications

There are a number of alternative syntheses that can stem
from this basic synthesis, including the use of other functional
groups or other metal solutions in place of Fe (Il) chloride. These
variations can impact both biological function and magnetic
properties (4,5). For example, gadolinium complexes can be
tethered to the outer shell of SPIONs to produce T1-T2 dual
modal contrast agents (24). Biocompatibility and a reduction
in toxicity has been achieved using Tween 80 (25), polyvinyl
alcohol derivatives (26,27), and polyethylene glycol (28,29).
Besides surface functionalization, varying the metal content can
yield SPIONs with improved magnetic behavior (39). Substitution
with Mn** has been shown to produce SPIONs with improved
MRI relaxivity (r2) values (40). Surprisingly, substitution with Zn?*
also yields improved magnetic saturation behavior due to Zn?*
disrupting the antiferromagnetic coupling between Fe ions (41).

Hazards

Good lab hygiene should be practiced at all times, including
wearing gloves, lab coats, and safety goggles. All materials
should be handled with extreme caution to prevent accidental
exposure. Iron (Ill) chloride and 1,10-phenathroline monohydrate
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are very toxic if ingested. 1,10-phenanthroline monohydrate,
ascorbic acid, sodium citrate, iron (lll) chloride, and iron (llI)
chloride are hazardous in case of contact with skin or eyes.
Ammonia and hydrochloric acid are contact and inhalation
hazards and should be handled in the fume hood. Nanoparticles
created in this experiment are toxic and must be disposed of
according to local and state regulations. The rare earth magnets
are strong magnets; they can pinch fingers and should be
segregated from another and other objects that they may be
attracted to. Trypan blue can pose health hazards if ingested
and may cause respiratory sensitivity if directly inhaled. To
prevent direct exposure, students should handle the stain under
a snorkel or in a biosafety cabinet.

Expected Results

SPION Synthesis and Characterization

The synthesis of SPIONs and resulting functionalization
with citrate yielded jet black nanoparticles suspended in
basic media (Figure 1, inset). Both the control and citrate-
functionalized SPIONs were attracted to the rare earth magnets.
After a 1:20 dilution in DI water, the students dissolved their
SPIONSs by acidifying their SPION solution and reduced all Fe**
to Fe?* via the addition of 0.1 M ascorbic acid solution. The
addition of a 0.2% phenanthroline solution yielded the ferrous
phenanthroline coordination compound, which is red in color.
After this process, there were no visible remaining SPIONSs.
The students were given ferrous phenanthroline solutions with
concentrations ranging from 0.01 to 0.08 mM to determine the
Beer’s Law relationship. The extinction coefficient of the ferrous
phenanthroline solution was found to be 10.5 mM" cm™ at 512
nm. Resulting concentrations of the diluted SPIONs ranged from
0.012 to 0.061 mM.

NMR samples for the T1 calculations had concentrations
ranging from 0.1 to 1T mM. Samples that were higher than
1 mM tended to give poor results. Peak intensity at 4.7 ppm
was measured for each time point, and the data were fit to the
linearized equation for T1 saturation (Equation 3). Averaged
T1 values for the SPION samples are presented in Table 3. As
shown, the T1 relaxation of water is decreased substantially in
the presence of SPIONs, as expected. The addition of citrate
had no observable effect on the T1 behavior of the SPION-
water samples.

Mgz

=T
In(1-35) ==~ In2

Equation 3. My

Assessment of Toxicity

The brine shrimp toxicity analysis was completed for the
three different sets of SPIONs. Following serial dilution of
samples, brine shrimp were added to designated environments
for incubation (Figure 2A). Samples incubated with control
SPIONS showed little uptake and rapid mortality over the course
of 24 hours, suggesting heightened toxicity. Samples incubated
with 0.483 M and 0.983 M citrate-treated SPIONs showed
immediate uptake (Figure 2B and 2C), yet variable cytotoxicity
and lethality across groups. Compiled data suggest that a 1:1000
dilution of 0.983 M citrate-treated SPIONSs results in lowest
toxicity at both cellular and organismal levels between 24 - 48
hours. After 72 hours, all samples, including those incubated in
pure seawater, demonstrated a rapid decline in survival (Table
4 and Table 5).
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Cytotoxicity assays revealed a direct relationship between
concentration of SPIONs and cytotoxicity. In that regard,
specimens incubated in the 1:1 dilution of SPIONs demonstrated
the largest intake of trypan blue and were consistently assigned
a score of ‘3" on the stain scale for all treatments (Figure 2E and
Table 6). These data were consistent for live shrimp and cell
suspensions. Interestingly, brine shrimp carrying eggs showed
the highest degree of SPION uptake and trypan blue staining,
which suggests eggs have a high affinity for citrate but that
inclusion of SPIONS is extremely toxic for developing brine
shrimp (Figure 2D).

A y|

Figure 2. Biological analysis of brine shrimp during lethality and toxicity assays.
(A) Brine shrimp were incubated in a 6-well plate containing 2 ml of SPIONs
that were resuspended in seawater at concentrations of 0, 1:1, 1:10, 1:100, and
1:1000. Each well contained ten (10) brine shrimp that were incubated for 24 -
48 hours. (B) High-power magnification of a single brine shrimp in the control
well. (C) High-power magnification of a single brine shrimp in a well containing
1:1 dilution of untreated SPIONs. (D) High-power magnification of brine shrimp
carrying cysts incubated in a 1:1 dilution of 0.983 M citrate-treated SPIONSs.
(E) Trypan blue staining of brine shrimp following a 30-minute incubation with
0.983 M citrate treated SPIONs.

TEACHING DISCUSSION

The interdisciplinary nanoparticle project completed by
students in introductory chemistry and biology courses is an
opportunity for students to work in teams and learn from one
another. They apply the background knowledge provided by
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their colleagues to answer questions that are relevant to biology,
chemistry, and human health as a whole. Students are challenged
to think critically by applying foundational concepts and
themes in both disciplines as they develop an interdisciplinary
application that is both helpful and potentially harmful if not
controlled. Moreover, students are actively employing the
scientific method in both chemistry and biology to synthesize
and test SPIONs for efficacy in the context of magnetism,
toxicity, and lethality.

The chemistry and biology students are further challenged
to work in interdisciplinary groups to create a video instead
of the traditional lab report (Supporting File S3. Toxicity of
SPIONs — Rubric). Groups are made taking into consideration
the educational background of students (major, year, etc.) as
well as the general demographics of each group in an effort to
have each larger group best reflect the general population. If
there is a student in both classes at the same time, they will
be in the same group for each course to avoid duplication and
doubling the level of expectation for one particular individual.

The final assessment is that of a video with predefined criteria
that emphasize communication of key scientific findings to
promote expansion and application of knowledge outside
of what is taught in the classroom. Whether or not students
actually learned the material and satisfied the desired learning
outcomes is assessed using a rubric (Supporting File S3. Toxicity
of SPIONSs — Rubric). The rubric has course-specific content that
is assessed only by the corresponding faculty; however, both
faculty members assess execution of the scientific method,
creativity, and communication. We found that this approach
increases student creativity and also presents opportunities
for further interdisciplinary applications in computer science,
graphic design, and humanities. Furthermore, students are held
accountable for their contributions, as they each participate in
peer assessment by completing an in-depth partner evaluation
(Supporting File S4. Toxicity of SPIONs — Peer Evaluation).
Since students are required to evaluate each other, the efficacy
of communication is considered by the instructor, as well as
by student colleagues. The peer evaluation also gives students
an opportunity to reflect on their contributions to the project
and how the interdisciplinary nature of the topic contributed to
their understanding of the chemical and biological principles.

The overall efficacy of this experiment with regard to meeting
the specified learning outcomes is reflected by the student’s
ability to articulate their findings in both written and oral
formats. The rubric provides a framework for students to use
during development of the video; thus, the ability of students
to accurately present the information and provide a detailed
analysis of the data, in addition to infusing the content with
creativity, is a reflection of understanding. Had the students
simply answered a question on a worksheet, they would not
have had the opportunity to critically evaluate the results to
discern the most effective way of delivering the conclusions.
Creation of a video challenges students to find meaningful ways
to communicate findings that would be easily understood by
an interdisciplinary, yet novice, audience without sacrificing
technical depth. While some groups produced entertaining
videos, the content was lacking, which was suggestive of poor
understanding. Other videos were overly technical, which
suggested too much reliance on the supporting materials as
opposed to a unique analysis. Students that had the best video
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not only met the specified technical criteria, but also took the
time to learn about the content to best support presentation
of data in the oral video format. Since many careers in STEM
require collaboration between different, yet related, fields, these
labs provide an excellent opportunity for the students to gain
experience on how to work in multidisciplinary teams to build
a cohesive and complete product.

SUPPORTING MATERIALS

¢ S1. Toxicity of SPIONs — Lab Handout

e S2. Toxicity of SPIONs — Maintenance of brine shrimp
e S3. Toxicity of SPIONs — Rubric

e S4. Toxicity of SPIONs — Peer Evaluation
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Table 1. Toxicity of SPIONs lab — Lesson Plan Timeline.

Part 1. Synthesis, isolation, and functionalization of SPIONs

instructor for grading.

Student 1. Students are split into groups of 2-3 in each chemistry ~1-2 hours Reference the lab handout for specific
Preparation or biology class. Each group in biology is paired with a questions (Supporting File S1. Toxicity of
group in chemistry to yield a larger group of 4-6 students. SPIONs — Lab Handout)
2. Chemistry students are asked to complete a preliminary
set of pre-lab questions prior to coming to lab. These
questions involve research into terminology and the
generation of hypotheses. Students are also asked to
outline the safety precautions and lab procedure in their
lab notebook.
Lab The following solutions should be prepared prior to lab. These | ~1.5 hours
Preparation can be made several days ahead of time but should be stored
in airtight bottles.
1. 2MFeCl,
2. 1MFeCl
3. 1MNH,
4. 0.965 M and 1.93 M sodium citrate
In Lab Chemistry groups each select a variation of SPIONs to ~2 hours
synthesize (either functionalized with citrate, or not
functionalized). In our experiment, student groups were
selected to add different amounts of sodium citrate or none at
all.
Part 2. Spectroscopic analysis
Student Chemistry students are asked to outline the safety precautions | ~45 minutes Reference the lab handout for specific
Preparation and lab procedure in their lab notebook. questions (Supporting File S1. Toxicity of
SPIONs — Lab Handout)
Lab The following solutions should be prepared prior to lab. These | ~1.5 hour The Fe(ll) phenanthroline solutions
Preparation can be made several days ahead of time but should be stored are required for quantitative work
in airtight bottles. and should be prepared using serial
1. 1 M HCI dilutions.
2. 0.2% phenanthroline in 0.8 M HCI
3. 0.1 M ascorbic acid
4 Series of 5 — 6 Fe(ll) phenanthroline solutions (0.01
mM - 0.08 mM)
In Lab Chemistry groups have two goals: ~2 hours The tasks are independent of one
1. Spectrophotometric analysis of SPIONs to measure another, and the order dges. not
amount of Fe (using UV/Vis spectroscopy). matter. Because there will likely only
. . be one NMR instrument, student
2. T1 NMR relaxation measurements using NMR
groups are encouraged to prep those
spectroscopy. samples first and then proceed to the
spectrophotometric measurement of
Fe content, moving to NMR as the
instrument becomes available.
Post Lab Students complete analysis questions and turn them in to the ~1.5 hours The Excel analysis can be difficult

depending on the level of the students.
Reviewing Excel tools in class as a
group can be a good exercise.

Lab analysis questions are graded by the
instructor and handed back to students
to provide feedback prior to work on
the video lab report.
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Part 3. Assessment of toxicity

addresses the following:

1. Background information regarding the use of SPIONs
in the medical field

2. lIssues relating to toxicity of SPIONs

Hypotheses related to how functionalization of
SPIONSs influences magnetic behavior and toxicity

4. Evaluation of hypotheses based on data acquired in

lab

Student Biology students are asked to complete a preliminary set of ~45 minutes Reference the lab handout for specific
Preparation pre-lab questions prior to coming to lab. These questions questions (Supporting File S1. Toxicity of
involve research into terminology and the generation of SPIONs — Lab Handout).
hypotheses. Students are also asked to outline the safety The transfer of SPIONs from chemistry
precautions and lab procedure in their lab notebook. groups to biology groups is a good
point for the first group meeting (if not
before). At this point, the chemistry
group can provide a description of
their hypotheses and lab experiments.
The biology students can provide the
same context for their experiment. This
discussion can lead to a joint hypothesis
on the toxicity of SPIONs, with students
of both discipline contributing expertise
from their respective classes.
Lab Brine shrimp should be acquired ~1 week prior to lab. ~1 hour See Supporting File S2. Toxicity of
Preparation SPIONs samples from chemistry are transported to the biology SPIONs — Maintenance of brine shrimp
lab. for information on how to grow and
handle brine shrimp.
In Lab Biology students complete the following tasks: ~2 hours Students will need to return several
1. Dilutions of the SPIONs in 1:1, 1:10, 1:100, and times following lab to make
1:1000 ratios observations regarding number of live
) shrimp over a 24 — 96-hour time period.
2. Set up for trypan blue assay and microscopy of
samples
3. Set up of long-term samples
Post Lab Students complete analysis questions and turn them in to the | ~1 hour Lab analysis questions are graded by the
instructor for grading. instructor and handed back to students
to provide feedback prior to work on
the video lab report.
Capstone deliverable
Video Lab Chemistry and Biology students come together to analyze their | ~5 - 10 hours The student group is formed at the
Report data. Students are expected to prepare a video lab report that beginning of the chemistry lab segment.

The group is encouraged to meet during
this time period. Students are asked

to communicate their hypotheses and
findings at several points: at the SPIONs
handoff from chemistry to biology and
right after all graded post-labs have
been returned.

After completion of the lab, the group is
encouraged to discuss the experiment as
an interdisciplinary group by addressing
the questions:

1. What are nanoparticles?

2. What is the application we are
interested in?

3. What variation was used to
make your NPs?

4. What are the key results from
the chemistry experiments?

5. What are the key findings on
toxicity?

6. How do these data support or
refute the hypotheses?
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Table 2. Qualitative scale to assess cytotoxicity using trypan blue.

0 No Blue

1 Some Blue
2 Fairly Blue
3 Totally Blue

Table 3. Average T1 values and standard deviations for SPIONs synthesized with and without citrate functionalization.

Control, no citrate 1416 251
Sodium citrate (0.483 M) 1474 182
Sodium citrate (0.983 M) 1419 106

DI water 9267 N/A

Table 4. Summary of Lethality Findings.

1:1

1:10

Control
1:100

1:1000

1:10

oM N JoOlo o | o

Sodium citrate (0.483 M)
1:100

1:1000 1

1:10

Sodium citrate (0.983 M)

NN | w

1:100

1:1000 1

CourseSource | www.coursesource.org 11 2020 | Volume 07



Nanoparticles and Shrimp: An Interdisciplinary Lab Series in Chemistry and Biology for Undergraduate Engineering Students

Table 5. Sample lethality data for brine shrimp incubation with 0.965M sodium citrate-coated nanoparticles.

0 40%
1:1 100%
1:10 100%

1:100 80%
1:1000 60%

Table 6. Sample cytotoxicity data using the scale from Table 2.

0 60%
1:1 100%
1:10 100%

1:100 100%
1:1000 80%
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