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Introduction

Project-Based Learning has proven to be an effective teaching
method in analytical chemistry [1, 2]. During a Project-Based
Learning scheme, students are introduced to a combination of
standard and state-of-the-art analytical techniques to empha-
size an integrated and relevant approach to modern problems
faced by chemists [3]. These projects involve utilization of
various quantitative and qualitative analytical methods and
often last from a few weeks [4] to a whole semester [1]. In
the current paper, a combination of analytical and biochemical
methods was applied to isolate and characterize biologically
active natural products from mangrove forest sediments.

Natural products (NPs) are often chemical compounds found
in nature, many of which appear to have evolved to efficiently
interact with specific biological targets [5–8]. They have tradi-
tionally played a key role in drug discovery, with a significant
fraction of medicines being derived from chemical modifica-
tions of the active components of plants commonly used in
traditional medicines [8, 9]; many others, including most
known antibiotics, are derived from microbes (fungi and bac-
teria) [10, 11]. In recent years, natural product discovery has
experienced renewed interest stemming from the development
of innovative techniques allowing for efficient bioactivity
screening, isolation, and characterization of compounds, and
the demand for novel antibacterial and antifungal compounds
due to increasing resistance of pathogens, such as methicillin-
resistant Staphylococcus aureus (MRSA) [12]. Multiple factors
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crystal X-ray diffraction analyses. This molecule was identified
as pyridine-2,6-dicarboxylic acid, commonly known as
dipicolinic acid (DPA), which is thought to be responsible for
the thermotolerance of bacterial endospores. The findings from
this course were summarized in a regular collaborative report
written by each group of students. A unique, broad combination
of analytical and biochemical methodsmakes this project attrac-
tive to students considering further careers in chemistry, chem-
ical biology, and pharmaceutical drug discovery.

The isolation of bioactive compounds from natural sources is a
growing field, in particular due to its potential application in
pharmacology and biotechnology. The relevance of this re-
search was the driver to design a full-semester undergraduate
analytical laboratory course to introduce students to advanced
analytical and spectroscopic techniques while simultaneously
exposing them to problems solved by modern research. The
students extracted and characterized a biologically active com-
pound from bacteria isolated from mangrove forest sediments.
The bacterium, Vibrio sp. SKC6, was grown in a teaching lab-
oratory setting and its intracellular metabolomic fraction obtain-
ed via liquid-liquid extraction, further purified by high-
performance liquid chromatography (HPLC) and assayed for
bioactivity using phenotypic profiling of a human cell line
(HeLa). One of the HPLC fractions resulted in cell division
arrest after DNA replication. The structure of the compound
responsible for the observed bioactivity was characterized using
mass spectrometry (UHPLC/ESI QToF-MS), 1H and 13C nu-
clear magnetic resonance (NMR) spectroscopy, and single-
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have contributed to the development of the field including the
large biodiversity of sources of natural compounds and cost-
efficiency in comparison with their synthetic counterparts [11].
In fact, around 40% of chemical scaffolds in the Dictionary of
Natural Products are a result of NP discovery and nearly 75% of
approved anticancer drugs are NPs or derivatives of NPs [11,
13]. There is a growing interest in samples from marine organ-
isms, particularly marine bacteria, that have been found to pro-
duce chemically novel bioactive metabolites [14–16]. This av-
enue of research is an exciting one given that oceans covermore
than 70% of the earth’s surface and an estimated 99% of all
marine bacteria have not yet been cultured [17, 18]. Since 2008,
more than 1000 new chemical compounds have been discov-
ered from marine organisms each year, the majority of which
come from bacteria [19, 20]. As culprits of infectious diseases
continue to evolve and build resistance to available pharmaceu-
ticals, NPs isolated from the marine environment provide a
reservoir of potential cures against cancer, bacterial, fungal,
parasitic, and viral diseases [21].

Mangrove forests represent a potential reservoir of un-
tapped and unique NPs with a wide range of potential indus-
trial applications. Mangrove sediments are extreme environ-
ments that exhibit high salinity and temperature, low oxygen
concentrations, strong UV exposure, and high density of mi-
crobes due to strong organic nutrient input from mangrove
roots. This is especially true for the site of collection in this
course, the Arabian Gulf near the shores of Abu Dhabi, UAE
[22]. Such an extreme environment may force microbes to
compete with one another by producing novel NPs, some of
which could be developed as new antibiotics or antifungals.
Compounds present in other mangrove species also exhibit
interesting biological activities. Examples include halophyte-
derived antioxidants that show little or no cytotoxicity (desir-
able characteristics in the food and cosmetic industries) [23]
and the marine alkaloid ecteinascidin-743 (Trabectedin), iso-
lated from the mangrove tunicate Ecteinascidia turbinata,
which exhibits promising activity against melanomas and nu-
merous carcinomas [24]. This drug is approved by the FDA
and European Commission and is manufactured under the
commercial name of Yondelis [25]. In this context, an analyt-
ical laboratory course was developed to expose students to
modern analytical and spectroscopic techniques combined
with useful microbiological and pharmaceutical applications.

Methods

The goal of the project is to expose students to the isolation
and characterization of secondary metabolites from marine
bacteria. The project consists of 2–3 groups of students work-
ing to grow a bacterium isolated from mangrove sediments
and then extract, isolate, and characterize the structure of one
unknown molecule (to the students) that displays potentially

interesting bioactivity in HeLa cells. All participants were
divided into teams of 2–3 junior or senior undergraduate stu-
dents majoring in chemistry at New York University
Abu Dhabi and New York Universi ty Shanghai .
Implementation of the laboratory took place during the first
semester of three consecutive years (2015–2017). The labora-
tory sessions met 240 min per week for 14 weeks. It is impor-
tant to mention that the laboratory course described in this
paper is a component of the overall Analytical Chemistry
course which includes weekly lectures. The syllabus was ar-
ranged in a way to introduce the analytical techniques in the
lectures prior to their appearance in the laboratory. In this
report, one secondary metabolite was isolated by two groups
from Vibrio sp. SKC6 (SKC6, accession no. MH179312) as
discussed. Three other secondary metabolites were isolated by
other groups from SKC6 but are not discussed because the
structures of these compounds could not be determined or
were partially determined.

The process (Fig. 1) starts with each group growing in
liquid culture a marine bacterium, SKC6, previously isolated
from mangrove sediments. SKC6, a strain closely related to a
suspected crustacean pathogen (Vibrio owensii) [26], was cho-
sen because it readily grew in liquid medium and produced a
bioactive compound that exhibited toxicity against HeLa cells,
both of which were ideal characteristics for a natural product
project. Students grow their bacterium to stationary phase and
isolate organic biomolecules from cell pellets using liquid-
liquid extraction to acquire a crude bacterial “extract” that is
further separated on a high-performance liquid chromatogra-
phy (HPLC) instrument. Small aliquots from the HPLC frac-
tions are tested separately by the instructor(s) for decreased
cell survival (cytotoxicity) and other biological parameters
against HeLa cells. Students further purify the bioactive frac-
tion using HPLC chromatography to acquire a pure fraction.
Using mass spectrometry, NMR spectroscopy, and X-ray dif-
fraction (Fig. 1), the students characterize the structure of their
unknown. The entire project conducted by each group
throughout the semester is summarized in a written collabora-
tive report prepared by each group (Supporting Information).
Detailed experimental procedures are included in the
Supporting Information.

Hazards

All students passed the following safety training courses re-
quired by NYU Abu Dhabi: Laboratory Safety Induction,
Biosafety Induction, Electrical Safety in the Laboratory, Use
of Laboratory Hoods, Laboratory Emergencies. Personal pro-
tection equipment (goggles, lab coats, gloves, closed-toe
shoes) must be worn when working with hazardous and flam-
mable reagents. Methanol is flammable; methanol, acetoni-
trile, and dichloromethane are hazardous to humans and the

6522 Solntsev K.M. et al.



environment and must be handled with care and disposed of
properly. Trifluoroacetic acid (TFA) is corrosive.

Results and discussion

The first purification of crude extracts of the intracellular
fractions of the bacterium SKC6 on a reversed phase C18

column using a general, wide gradient showed the pres-
ence of many biomolecules as evidenced by UV absorp-
tion at 220 nm (Fig. 2a). The bioassay exposed HeLa cells
to HPLC fractions and monitored effects on mitotic index
and the shape, intensity, and size of the nucleus, actin,
mitochondria, and lysosomes [27]. Bioactive fractions
(Fig. S1) showed an increase in the proportion of cells
with 4N vs. 2N chromosome complements, indicating cell
cycle arrest after DNA replication. The fractions eluting
between 3 and 5 min showed moderate cytotoxicity and
caused significant changes to several cellular characteris-
tics (Fig. S1).

Since the bioactive fraction eluted at low concentrations
of CH3CN, students reasoned that it consisted of polar
molecules. Thus, the active fraction was further purified
using a gradient with small increments of CH3CN concen-
trations on the same C18 column. The fractions eluting at
11–13 min showed strong bioactivity on HeLa cells (Fig.
S1). The HPLC chromatogram obtained indicated a sam-
ple with several molecules (Fig. S2). Crystals were ob-
served in these fractions, indicating that the sample was
relatively pure. To further purify the bioactive fractions,
students used HPLC and a CN column to increase the sep-
aration of polar compounds from the second purification,
which resulted in a pure fraction of the bioactive molecule
(Fig. 2a). The solvent gradient and composition were op-
timized by students to achieve the optimal separation.
UHPLC-QToFmass spectrometry analysis indicated a mo-
lecular ion peak [M+H]+ at m/z 168.0285, with an M+1
peak a t 7 .04% re la t ive in tens i ty (F ig . 2b) . The

Fig. 2 a HPLC chromatogram measured with absorbance at 220 nm of
the first crude HPLC purification on C18 (gray) and final purification on
CN (red) columns. b High-resolution UHPLC-QToF mass spectrum of
the purified sample of dipicolinic acid (DPA), showing a prominent [M+
H]+ peak at m/z of 168.0285. c Structure and ORTEP diagram of DPA
drawn with 50% ellipsoidal probability

Fig. 1 Awork flowchart detailing the steps of the method to isolate biologically active compounds from the bacterial culture collected from mangrove
sediments
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predominant molecular ion was searched by students on
the Scripps Center for Metabolomics database (METLIN:
metlin.scripps.edu) with an error tolerance of ± 5 ppm.
This search produced four metabolites with an identical
molecular formula, C7H5NO4: 2,3-pyridinedicarboxylic
acid, dipicolinic acid, and p- and o-nitrobenzoic acid.

The pure fraction dissolved in methanol-d4 was analyzed
using NMR spectroscopy. In a students’ sample 1H-NMR
spectrum, two peaks (d, 8.37 ppm; t, 8.22 ppm) in the aromat-
ic region indicated the potential presence of a symmetrical
compound (Figs. 3 and S3). The 13C-NMR spectrum showed
four non-equivalent carbons (Fig. S4), again indicating the
presence of high symmetry in this compound given the mo-
lecular formula. The HSQC NMR spectrum, along with the
1H and 13C spectra, unequivocally confirmed that the purified
molecule is dipicolinic acid, DPA (Fig. 4). A full UV-Vis
spectrum was collected as well at this point for DPA, which
shows maximum absorbance at ~ 275 nm (Fig. 5).

Because crystals were observed after drying semi-pure frac-
tions from the SpeedVac, the structure of the purified compound
was solved by X-ray diffraction (Fig. 2c, Table S1). The refined

structure confirms mass spectrometry and NMR spectroscopy
findings and definitively identifies the molecule as DPA.

The course was designed to expose students to hands-on
experience in running instruments and analyzing output data
as realistically possible. Because the project relied on several
state-of-the-art research instruments, the ability of students to
directly operate some of these instruments was limited. For
example, XRD operation and data analysis were completely
conducted by a crystallography research scientist. However,
the XRD structure was only provided to students after DPA
was characterized via NMR spectroscopy. For mass spectrom-
etry, students set up their experiments with the help of the
instructor. Students directly operated the NMR instrument.
Data interpretation for both techniques was done solely by
the students.

The semester was concluded for this laboratory by taking
the students on a field expedition to nearby mangroves, where
the students collected samples for bacterial isolation and re-
corded environmental parameters. This exercise helped the
students visualize and experience how their bacterial samples
were collected, providing context and greater appreciation for
the full development cycle of this project. All the findings
reported here were summarized by the students in a collabo-
rative report in the ACS-style, a part of which is included in
the “Supplementary Information” section. The progress of
students was assessed mainly by reviewing an initial draft of
their report two weeks prior to the final draft’s due date.
Evaluation of the students’ writing skills, chemistry knowl-
edge, ability to review and summarize scientific literature, and
ability to accurately describe and interpret their findings
was conducted by the instructor at this phase.

Natural product isolation and characterization has been an
intensive area of pedagogical activity covered by current
literature. Many previously published laboratory experiments
pertaining to the subject include one or more standard steps:
extraction of the NPs from crude material, separation and
analysis using various chromatographic techniques, identifi-
cation and characterization of the isolated compounds, and
determination of their biological activity. Similar to work pre-
sented here, extraction procedures involved the utilization of
various organic solvents [28–30]. The range of chromato-
graphic techniques varied from simple paper chromatography
[31] and TLC [30, 32–34], with the latter noting, “the students
recognize that TLC does not have the resolving power neces-
sary to separate the extracted compounds and are guided to-
wards a more powerful alternative, HPLC” [35]. HPLC is
widely used in undergraduate teaching environments
[35–38], so the utilization of HPLC in this paper is an obvious
choice given the complexity of the extract. For characteriza-
tion of compounds, gas chromatography, sometimes coupled
to a mass spectrometer (GC-MS), has been utilized [29, 39,
40] and in some cases, high-resolution mass spectrometry has
also been used [39]. Most of the papers referenced above used

Fig. 3 1H NMR spectrum of dipicolinic acid. Only the aromatic part is
shown. For the full spectra including solvent residual peaks, see Fig. S3
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the standard analytic methods of molecular characterization
using NMR spectroscopy, optical spectroscopy, and mass
spectrometry. With respect to biological activity, previous lab-
oratories have used both in vivo and in vitro assays.
Antioxidant capacity of juice extracts and their active ingredi-
ents was evaluated using the antioxidant power assay based on
ascorbic acid [37]. Extracts of plants were tested as natural
herbicides, monitoring the plant growth upon addition of
NPs from the extract [41]. The NP arecoline from the Areca
catechu palm tree was demonstrated to have the spasmodic
effect on guinea pig smooth muscles [42]. These examples

demonstrate that the cell assays presented here are in line with
previous laboratory experiments conducted with undergradu-
ate students. The advantage of the work described here is that
it can be modified and manipulated to isolate different mole-
cules from different environmental sources. Some alternatives
to the environment and the assays and techniques reported
here are listed below and in the Supporting Information
(Instructions for Instructors). In addition, the bioassay report-
ed here utilizes a novel phenotypic profiling of HeLa cells.
This technique combines the use of several fluorescent
markers to measure a variety of cellular functions in a high-
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throughput manner, which provides a wealth of information
on the cellular response to natural products [43, 44]. Besides
its novelty, such a technique will expose chemistry students to
cutting-edge multidisciplinary research.

This course was designed to use a bacterium isolated
previously from mangrove sediments, an environment not
universally accessible to many educators. Bacterial isola-
tion from other sources (e.g., lakes, seawater, ponds) can
be achieved by simple early modification of the procedures
while keeping the majority of downstream purification in-
tact. The Supporting Information (Instructions for
Instructors) is amended with a paragraph on how to diver-
sify bacterial isolation and growth from non-mangrove en-
vironments. Obviously, the separation and isolation of other
metabolites from other sources will require a different
HPLC protocol, but the Instructions submitted in
Supplementary Information could be a good starting point.

A major hurdle that some educators may face is the inabil-
ity to grow large volumes of bacteria (> 10 L) due to limited
incubator-shaker equipment. Although students in this course
grew 12 L of SKC6 to achieve > 30 mg of DPA, the amount
needed for mass spectrometry and NMR spectroscopy is sig-
nificantly less (likely 1–3 mg). Therefore, reducing the vol-
ume by half or more will theoretically still yield copious
amounts of DPA. Supporting Information (Instructions for
Instructors) now contains information about reducing the vol-
ume of bacterial cultures to simplify the workflow for labora-
tories that cannot grow large volumes.

Another hurdle for some educators is the use of tissue cul-
ture facilities to examine the biological activities of extracts
and purified fractions. Although the instructor and students
acquired data using a high-content screening platform, similar
results can be obtained using a basic proliferation assay, which
relies on measuring the mitochondrial enzymes of a cell by
simple colorimetric measurements [45]. Using a simple plate
reader, screening of 96 fractions or more would involve min-
imal efforts and still detect cytotoxicity of DPA. Alternatively,
fixing cells, staining them with a DNA fluorescent dye, such
as SYBRGreen, and quantifying the DNA using fluorescence
could also be used in lieu of high-content screening. Another
alternative is to conduct a simple cell count of treated cells
relative to controls that would also yield information about
cytotoxicity and could be performed by students within the
context of the course.

The availability of high-resolution mass spectrometry
instruments, such as LC-QToF-MS used here, may be
limited in some institutions. In lieu of such instruments,
a simple gas chromatography (GC) system or GC-MS can
still be used to characterize DPA. Supporting Information
(Fig. S5) now contains a GC-MS analysis of DPA in case
high-resolution MS is not.

Finally, we note that the isolation of the natural products is
not an easy task. Several times during the course, the

concentration of the isolated molecules was so low and/or
the structure was complex enough that the target molecules
were not fully characterized. Nevertheless, the students actu-
ally found it exciting that they were perhaps onto something
new, and this offered them the opportunity to engage creative-
ly in the research experience. In addition, previously pub-
lished J. Chem. Ed. Laboratory Experiments dealing with nat-
ural product isolation also reported students partially charac-
terizing molecules or completely failing to do so [42].

Summary

Throughout the semester, students gained hands-on expe-
rience working in small groups to address a challenging,
yet relevant, problem in chemistry: the discovery and
characterization of natural products. The pedagogic goal
of this exercise was to expose students to a semester-long
continuous experiment that exposed them to state-of-the-
art methods in NP discovery and structure characteriza-
tion. For example, the techniques and instruments learned
by students during this laboratory are used in almost all
chemical laboratories, giving the young scholars a rare
glimpse into modern research. The project as a whole
was designed to be completed in a 14-week semester by
the students meeting 4 h per week. While direct involve-
ment of the instructor was necessary to facilitate some of
the tasks throughout the semester (e.g., bacterial growth,
bioassays), the bulk of the work was carried out by stu-
dents. To ensure feasibility, the laboratory required some
validation prior to having the students conduct experi-
ments: bacterial isolation, optimization of culture growth
conditions, and testing of crude extracts from multiple
samples to screen for bioactivity were all performed in
advance. However, all HPLC purification, spectroscopy,
and identification of the DPA were completely carried
out by the students (except for maintenance of the mass
spectrometer, NMR spectroscopy, and XRD). This exer-
cise was successfully repeated during three separate se-
mesters with different groups of students. In addition,
the field excursion provided the students with a valuable
experience in the importance of meticulous field sam-
pling. Finally, the end-of-semester laboratory report that
students wrote to summarize their findings helped them to
consolidate their knowledge, practice scientific writing,
and increase the collaborative skills that are essential in
today’s scientific world.
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