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The release of active pharmaceutical ingredients (APIs) into the environment is an ecologically

important topic for study because, whilst APIs have been designed to have a wide range of biological

properties for the target of interest (usually in man), little information on potential ecological risks is

currently available regarding their effects on the organisms that inhabit the environment. In this study,

the algaeMicrasterias hardyiwas exposed to propranolol, metoprolol (beta-adrenergic receptor agonist

drugs) and mefenamic acid (a non steroidal anti-inflammatory drug), at concentrations ranging

between 0.002–0.2 mM. Initial studies showed that Fourier transform infrared (FT-IR) spectroscopy

on algal homogenates illustrated that all three APIs had a quantitative effect on the metabolism of the

organisms and it was possible to estimate the level of API exposure from the FT-IR metabolic

fingerprints using partial least squares (PLS) regression. From the inspection of the PLS loadings

matrices it was possible to elucidate that all drugs caused effects on protein and lipid levels. Most

strikingly propranolol had significant effects on the lipid components of the cell. These were

dramatically reduced possibly as a consequence of loss of membrane integrity. In order to investigate

this further, FT-IR microspectroscopy was used to generate detailed metabolic fingerprinting maps.

These chemical maps revealed that all the drugs had a dramatic effect on the distribution of various

chemical species throughout the algae, and that all drugs had an affect on protein and lipid levels. In

particular, as noted in the PLS analyses for propranolol treated cells, the lipid complement found in

the lipid storage areas in the processes of M. hardyi was greatly reduced. This illustrates the power of

spatial metabolic fingerprinting for investigating abiotic stresses on complex biological species.
Introduction

Pharmaceuticals, used increasingly in human and veterinary

medicine, are emerging as a class of environmental contami-

nants. The consumption of pharmaceuticals is substantial, recent

figures for England, Germany and Australia show that the

amounts for the most frequently used drugs are in the hundreds

of tonnes per annum.1–4

Human and veterinary active pharmaceutical ingredients

(APIs) and their metabolites are excreted in urine and faeces and

so are introduced into the environment through discharges from

waste water treatment plants and runoff from agricultural fields.

APIs that have been detected in the environment include anti-

biotics, estrogens, nonsteroidal anti-inflammatory drugs and

b-blockers.4–6 The frequent detection of many pharmaceutical

compounds in surface and ground waters has become an

increasing concern because of their potential to cause undesirable

ecological effects, including endocrine disruption in fish and

wildlife7 and the promotion of antibiotic resistance in pathogenic

bacteria.8

Several studies, spanning the last 20 years, have shown that

human pharmaceuticals are present in wastewater treatment
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plants (WWTPs), rivers and estuaries at the ng L�1 or low mg L�1

level, both in the United Kingdom and throughout Europe and

the United States.9–12

A recent study monitored the occurrence of selected pharma-

ceuticals in wastewater effluent and surface waters in the UK.12

The b-adrenergic blocking drug propranolol was detected in

100%WWTP effluent samples with a median concentration of 76

ng L�1 and in surface waters downstream of the treatment works

in 87% samples with a median concentration of 29 ng L�1.

Mefenamic acid was detected in 81% of effluent samples with

a median concentration of 133 ng L�1 and in 60% samples

collected downstream with a median concentration of 62 ng L�1.

Pharmaceuticals merit concern as environmental pollutants

because they are designed with high potency and high specificity

for interaction with biological systems. Whilst the detected levels

are thought to be too low to cause immediate acute harm to

aquatic life, it has been shown that pharmaceuticals have

a range of undesired effects on test organisms at environmentally

relevant concentrations.13 It is widely acknowledged that more

information is needed in order to determine the chronic effects of

pharmaceuticals on organisms, and whether exposure to low

levels of these substances over long periods of time is having an

impact on the environment.

At present, it is difficult to assess the overall impact of

pharmaceuticals in the environment accurately as little is known

about ecotoxicological effects of pharmaceuticals on aquatic

and terrestrial organisms and wildlife. Aquatic organisms are
Analyst, 2008, 133, 1707–1713 | 1707



particularly important targets, as they are exposed via waste-

water residues over their whole life.4 Microalgae are the major

primary producers in most aquatic ecosystems, accounting for

approximately 50% of total planetary primary productivity.14,15

Heraud and coworkers have reported that microalgal cells show

dramatic reorganization of macromolecular composition in

responses to changes in nutrient status, and have accurately

measured this using FT-IR microspectroscopy.15–17

FT-IR is a rapid, reagentless, direct, non-destructive, and non-

invasive physicochemical analytical technique enabling the

identification of molecular constituents in biological samples

from functional group vibrations which produce an infrared

absorbance spectrum.18 Sample preparation for FT-IR is very

simple because in contrast to standard light microscopy based

procedures, it requires neither sample staining nor fixation.

Coupling of a microscope to an FT-IR spectrometer provides

a powerful spatial technique whereby vibrational spectra are

measured which can be related to individual morphological

components within tissues. Conventionally FT-IR microscopes

have been used to generate single point spectra and the stage is

then moved over a raster pattern to generate a chemical map. The

introduction of focal plane array (FPA) detectors has signifi-

cantly reduced the acquisition time by several orders of magni-

tude and permits the measurement of high density spectral maps

(e.g., 64 � 64 pixels) in seconds to minutes.19 The pixel size is, of
Fig. 1 (A) Photomicrograph image ofM. hardyi. FT-IR images ofM. hardyi

and the surrounding area, (C) the integration under the Amide I band (cm�1),

map represent the intensity of the IR signal absorbed, red showing high and

detector, generating 4096 spectra giving a spatial resolution of � 4 mm (whilst
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course, diffraction limited and so the resolution is typically in the

4 - 10 mm range in the mid infrared. This high spatial resolution

has allowed investigators to resolve small details in leaf tissues,20

to classify malignant gliomas21 and to investigate single cells at

the sub-cellular level.22

The aim of the present study was to investigate the effects of

abiotic perturbation on the microalgae Micrasterias hardyi by

FT-IR spectroscopy and FT-IR microspectroscopy. In this

approach we selected three different APIs (propranolol, meto-

prolol and mefenamic acid) all of which have been found in

effluent from waste water treatment plants.
Materials and methods

Micrasterias hardyi

Micrasterias hardyi strain CCAP 649/15 was purchased from

Culture Collection of Algae and Protozoa (SAMS research

services Ltd, Dunstaffnage Marine Laboratory, Scotland). M.

hardyi is an ideal organism for FT-IR imaging because it is

a single-celled organism which has a diameter of�200 mm, which

with a �15 objective on a microscope lends itself to whole

organism imaging. It has a nucleus in the centre of the cell and is

surrounded by a complex cell wall which has 12 processes

(Fig. 1A). An infrared image would therefore reflect this and
are based on the results of (B) the total IR signal absorbed by the sample

(D) the ratio of the lipid (cm�1): protein (cm�1) bands from. The rainbow

blue showing low. The FT-IR image was collected using a 64 � 64 FPA

we of course recognize that this is effectively diffraction limited at 10 mm).
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show high concentration of proteins in the centre and a high

concentration of lipids in the processes of the cell wall, due to the

lipid storage bodies located there.

Culture conditions and drug exposure

For cell growth we used Jaworski’s Medium (JM). This was

prepared using 9 stock solutions were prepared in 200 mL

quantities each containing: 1. Ca(NO3)2$4H2O, 4.0 g; 2.

KH2PO4, 2.48 g; 3. MgSO4$7H2O, 10.0 g; 4. NaHCO3, 3.18 g; 5.

EDTAFeNa, 0.45 g; EDTANa2, 0.45 g; 6. H3BO3, 0.496 g;

MnCl2$4H2O, 0.278 g; (NH4)6Mo7O24$4H2O, 0.20 g; 7.

Cyanocobalamin, 0.008 g; Thiamine HCl, 0.008 g; Biotin, 0.008

g; 8. NaNO3, 16.0 g; 9. NaHPO4$12H2O, 7.2 g. 1 mL of each of

the 9 stocks were combined in 1 L of water and autoclaved (121
�C, 45 min at 15 psi). The cultures were grown at 21 �C for 6 w

under photo periods of 12 h light and 12 h dark.

M. hardyi was exposed to propranolol, metoprolol and mefe-

namic acid individually at concentrations of 0.2, 0.14, 0.1, 0.04,

0.02, 0.014, 0.01, 0.004 and 0.002 mM, with control flasks that

did not contain any API. These experiments were conducted

three times to generate three biological replicates.

After growth cells were harvested by centrifugation using

Jouan CR 322 (Thermo scientific) at 3,080 g for 20 min. The

biomass was carefully resuspended in distilled water and centri-

fuged again. This process was repeated a total of three times.

The final biomass was split into two volumes. The first was used

to make a cellular homogenate for FT-IR spectroscopy, whilst

the other was used directly for FT-IRmicrospectroscopic imaging

(vide infra).

FT-IR spectroscopy

FT-IR measurements were conducted on cell homogenates.

These were prepared by putting the algae through three freeze

thaw cycles in liquid nitrogen. Aliquots (20 ml) of each sample

were spotted on a 96-well silicon plate in triplicate (instrument

replicates). Before analysis, these samples were dried in an oven

at 50 �C for 10 min.

The plate was loaded onto a motorised microplate module

HTS-XT� attached to an Equinox 55 module (Bruker Spec-

trospin Ltd., Coventry, UK) as detailed by us elsewhere.23 The

motorised module of this instrument introduces the plate into the

airtight optics of the instrument, in which tubes of desiccant are

contained to remove moisture.24 A deuterated triglycine sulfate

(DTGS) detector was employed for transmission measurements

of the samples to be acquired. Spectra were collected using

a scan range of 4000–600 cm�1 and a resolution of 4 cm�1; each

spectrum contained 64 coadds was represented by 882 points,

and took �1 min to collect.

The data were collected using OPUS v 4.0 software supplied by

the manufacturers (Bruker Optics), and then exported as ASCII

files which were subsequently imported into Matlab version 6.1.

(The Math Works, Inc., 24 Prime Par Way, Natick, MA, USA)

for data analysis (vide infra).

FT-IR microspectroscopic imaging

Algal cells were spotted onto CaF2 disks (Crystran Ltd, 1 Broom

Road Business Park Poole, Dorset, UK), and air dried prior to
This journal is ª The Royal Society of Chemistry 2008
analysis. Samples were suitably diluted so that single cells were

located within the �15 objective view.

The FT-IR images were collected in transmission mode using

a Hyperion IR imaging system, composed of an Equinox

55 module step scan Fourier transform spectrometer coupled to

a Hyperion 3000 microscope (Bruker optics Ltd), equipped with

a 64� 64 liquid nitrogen cooled mercury cadmium telluride focal

plane array (MCT FPA) detector. With a �15 objective lens this

allows the analysis of sample areas of approx. 267 mm � 267 mm.

Algal cells of interest were mapped with a spectral resolution of

8 cm�1 and a spectral range of 4000–900 cm�1. A single coadd

was collected and the typical acquisitions time for each image

was approximately 10 min.

The data were collected using routines of the OPUS 4.0 IR

imaging software (Bruker Optics), and then exported as ASCII

files which were subsequently imported into Matlab version 6.1.

(The Math Works, Inc.). In-house algorithms were used to

generate biochemical images by functional group mapping.

Functional group mapping utilises the integrated area under

specific functional groups, which were plotted as a function of

spatial position (x, y) within the analysed area.
Data analysis

For the analysis of the FT-IR spectra from cell homogenates

a combination of cluster analysis and linear regression was

employed using the multivariate analysis package PyChem

version 2.25 Visual inspection of the data revealed that there

were some spectra that were noisy, as result of insufficient

biomass at high API concentrations and these were removed

from the analysis; this included 8 spectra from propranolol

exposure, 2 from mefenamic acid and a single spectrum was

removed from metoprolol exposure. Prior to analysis the data

were scaled using extended multiplicative scatter correction

(EMSC26).

In cluster analysis, principal components analysis (PCA27) was

employed to reduce the dimensionality of the FT-IR data and

principal components 1–10 were used for discriminant function

analysis (DFA28,29) with the a priori knowledge of which spectra

were acquired from which biological replicate. This process will

allow any natural trends in the data that may be due to increasing

the drug concentration to be observed.

Partial least squares (PLS30) regression was also performed

using PyChem to predict the level of exposure to the various

drugs from the EMSC scaled FT-IR spectra of the algae. PLS

regression is a technique that generalizes and combines features

from PCA and multiple regressions. Instead of finding the

hyperplanes of maximum variance as PCA does, it finds a linear

model describing some predicted variables (i.e., level of

propranolol, mefenamic acid or metaprolol) in terms of other

observable variables (i.e., FT-IR spectra, or PCs). In order to

validate the PLS model the dataset was split into training and

validation sets (the first two biological replicates) and an inde-

pendent test set (the third biological replicate). During PLS

calibration (training) the training set was used to generate

a model where the validation set was used to optimise the number

of latent variables (PLS factors). Once this was optimised

then the independent test set was used to check that the model

was robust.
Analyst, 2008, 133, 1707–1713 | 1709



Results and discussion

Initial FT-IR chemical mapping

Fig. 2 shows a typical FT-IR spectrum from a control sample of

M. hardyi collected from the centre of the algae using the infrared

microscope. Many of the infrared spectral features have been

previously assigned to different functional groups such as nucleic

acids, lipids, and proteins.31–33 Features between 1500 and

1700 cm�1, assigned primarily to the amide I and amide II bands

of proteins seem to dominate the spectra of M. hardyi. The

intense band near 1655 cm�1 (amide I) arises primarily from the

C]O stretching vibrations of the amide groups of the protein

backbone, and the one at ca. 1550 cm�1 from the N–H, C–N also

from proteins (amide II), while the absorption band near

1400 cm�1 arises from COO� groups. The spectral characteristics

of both the amide I and II bands are known to be sensitive to

protein backbone conformation.34 Lipids also give rise to

a number of absorptions in IR spectra. The most intense of these

absorptions are found in the range 2800–3000 cm�1, attributed to

asymmetric and symmetric stretching vibrations of CH3 and CH2

groups of the acyl chains.

In order to test the suitability of FT-IR imaging to generate

biochemically relevant information M. hardyi was cultivated as

described above for 6 w and, following washing to remove any

medium components, spotted onto a CaF2 disk. Dilutions were

made so that single algal cells could be located in the microscope

field of view. FT-IR data cubes (length (mm) � height (mm) �
spectrum (cm�1)) were generated from the algae shown in

Fig. 1A. The FT-IR chemical map (Fig. 1B) was obtained from

the total IR signal absorbed between 4000–900 cm�1 by the

sample and the surrounding area. The integral intensity (repre-

senting the z-axis) is then converted into a pseudo-spectral colour

code where blue represents a low z value and red a high z value.

In the IR image shown in Fig. 1B (and indeed all shown) red

pixels show high IR absorbance and blue pixels showing low. In

order for the images to look less pixelated we used interpolated

shading in the mapping function in Matlab. This is known as

Gouraud shading,35 and is piecewise bilinear where the colour in

each pixel varies linearly and interpolates with the corner values

from the surrounding 8 pixels. One can clearly see that the IR
Fig. 2 Typical raw FT-IR spectrum of M. hardyi from the centre of the

algae. Highlighted are the CH2 and CH3 stretches from lipid from

2800 cm�1 to 3000 cm�1, as well as the C]O vibration from Amide I

(1655 cm�1) and COO� group vibrations (1400 cm�1).

1710 | Analyst, 2008, 133, 1707–1713
spectral image preserves micro-morphological aspects in terms of

shape and size relating to the light microscopy image (Fig. 1A).

In addition to the total IR absorbance infrared images presented

in this study, species specific images were obtained by measuring

integrated peak areas under specific bands. The functional group

mapping procedure visualizes the distribution of the main cell

components, such as lipid and protein. By contrast due to the

opacity of DNA in the nucleus of cells36 this was not observed

(data not shown).

The maximum of the amide I band at 1650 cm�1 corresponds

to a high proportion of a-helices compared to b-sheet secondary

structure in the average protein content of the Micrasterias

cells.15,37 This has been shown to correspond with the known

structure of ribulose bis-phosphate carboxylase (RUBISCO) and

histone proteins, the major proteins found in the chloroplast and

nucleus, respectively, which have a high proportion of a-helices

in their structure.15,38 Integrating the amide I band at 1625 cm�1

(Fig. 1C) reveals the region of the cell close to the isthmus

dividing the two semi-cells where the nucleus is known to

reside,15,39 had a high concentration of protein but a low

concentration of lipid.

To show the distribution of the amount of lipid present in our

control M. hardyi, the lipid band at 2946 cm�1 was integrated,

however due to baseline offsets the lipid appeared to be present

through the whole cell (data not shown). Therefore, a ratio of the

lipid : protein bands was calculated and this image (Fig. 1D)

revealed high concentration of lipids within the processes, which

has been suggested to be due to lipid storage bodies.15
Quantitative effect of APIs on M. hardyi

As described above M. hardyi was exposed for 6 w to propran-

olol, mefenamic acid and metoprolol individually at concentra-

tions of ranging from 0 to 0.2 mM. Each exposure was conducted

three times to generate three biological replicates. Following

exposure cells were harvested and homogenates prepared and

analysed by FT-IR spectroscopy using high throughput sampling

afforded by 96 well Si plates in transmission mode on an FT-IR

spectrometer.

In order to observe the effect of the drugs on the algal cells as

a function of concentration, cluster analysis using PC-DFA was

performed on the first 10 principal components with the a priori

knowledge of which spectra were acquired from which biological

replicate. That is to say for each of the 10 concentrations three

groups were used (30 in total). The PC-DFA ordination plot for

propranolol exposure is shown in Fig. 3, where it can be clearly

seen that in the first discriminant function separates the control

algal cells (0 mM exposure) and the algal cells exposed to the

drug. On closer inspection it is also possible to see that the second

discriminant function allows discrimination in a linear fashion

between the algal cells exposed to propranolol at higher

concentrations (from 0.002 to 0.2 mM). This trend in PC-DFA

space was more-or-less repeated for the exposure of the M.

hardyi to mefenamic acid and metaprolol (data not shown).

PLS was used to produce a validated, quantitative and

predictive model for M. hardyi exposed to varying API concen-

tration. As detailed above this multivariate regression approach

can be calibrated to transform input FT-IR data into an output,

which in this case was the concentration of propranolol,
This journal is ª The Royal Society of Chemistry 2008



Fig. 3 PC-DFA ordination plot showing the effect of increasing

propranolol concentration on M. hardyi after 6 w exposure. Data were

collected in triplicate from 3 biological replicates, totalling 9 spectra for

each concentration. A total of 10 PCs were used for PC-DFA which

accounted for 99.4% of the explained variance.
mefenamic acid or metaprolol. The validated models generated

for propranolol, mefenamic acid and metoprolol used 7, 15 and

17 latent variables (PLS factors). Following calibration, each of

these models were challenged with these two data sets along with

the independent test set data from the third biological replicate

and these predictions plotted against the true API concentration

(Fig. 4; A, B & C on the left hand side of the figure). For each

drug good predictions of the actual API concentrations were

found. Good linear fit as the concentration increases were
Fig. 4 (RHS figures) PLS predictions of (A) propranolol, (B) mefenamic

acid and (C) metoprolol respectively, and (LHS figures) corresponding

loading plots. PLS optimisation was preformed as described in the text.

This journal is ª The Royal Society of Chemistry 2008
observed following the expected y¼ x line, and most importantly

the predicted values for the test set were very close to the

expected values. Inspection of the PLS loadings used by the

models (Fig. 4; right hand side) showed that many molecular

vibrations were important across the whole spectrum, but that

for propranolol it can be clearly seen that the lipid peak from

CH2 and CH3 stretching centred around 2946 cm�1 is highly

significant compared to either mefenamic acid or metaprolol.
Spatial metabolic fingerprinting of API effects

The analysis above demonstrates that it is possible to predict the

concentration of API exposure. However, as cell homogenates

were used these analyses do not provide any spatial information.

Therefore we sought to apply FT-IR imaging to generate spatial

metabolic fingerprints of the algae. Due to time constraints on

the instrument we analysed only a small subset of all possible

exposures and selected concentration. After growth cultures

exposed to the drugs at certain concentrations showed marked

colour changes turning from green to white. This colour change

is due to the algae becoming chlorotic due to a lack of chloro-

phyll. The lowest drug concentrations at which the transition

occurred varied with the drug and the algae exposed to these

drug concentrations were chosen for further analyses. For

propranolol, the concentration was 0.002 mM (selected as it was

the lowest concentration despite the flasks having already

become white), for metoprolol, 0.01 mM, and for mefenamic

acid, 0.01mM. Functional group mapping was performed using

the Amide I and lipid bands as described above, and a clear

visual difference between the untreated M. hardyi (Fig. 1C and

D) and the algae exposed to the drugs can be seen (Fig. 5) indi-

cating changes in protein and lipid levels and locations.

Inspecting the location of the protein levels in the cells

(Fig. 5Ai, Bi, Ci) following API exposure shows that compared

with untreated algae (Fig. 1C) the level of protein in the centre of

the cell for all APIs has dramatically decreased. This suggests

that these drugs have a large effect on the rate of protein

synthesis and lead to a reduction of the total protein complement

of the cells. This was most marked for cells exposed to

propranolol (Fig. 5Ai). Spatial metabolic fingerprint maps were

also generated for the lipid bands and mefenamic acid and

metaprolol (Fig. 5Bii and 5Cii respectively) show little difference

in the level of lipid in the algal processes when compared with the

control cells (Fig. 1D). By contrast, algae exposed to propranolol

(Fig. 5Aii) show a dramatic loss of lipid in their processes.

Propranolol and metoprolol are both beta-adrenergic receptor

agonist drugs and so share a common mode-of-action in man

(their intended target). However, the chronic effects on the algal

cells with propranolol are observed at a lower concentration

(0.002 mM) than with metoprolol (0.01 mM), and these effects

have led to marked differences in the lipid complement of the

algal cells. Previous studies by Hugget and co workers7 have

reported similar differences in potency with these drugs in two

crustaceans (Ceriodaphnia dubia andDaphnia magna), a sediment

living amphipod (Hyalella azteca), and the Japanese ricefish

(Oryzias latipes). They found that the most potent compound

was propranolol, which had an effect at a concentration of

0.00308 mM in the most sensitive species C. dubia. For meto-

prolol, the corresponding value was 0.0329 mM. Furthermore, in
Analyst, 2008, 133, 1707–1713 | 1711



Fig. 5 FT-IR images ofM. hardyi showing changes in protein (i) and lipid (ii) levels after treatment with (A) propranolol, (B) mefenamic acid and (C)

metoprolol at concentrations of 0.002, 0.01, 0.01 mM respectively. Images were taken using a 64 � 64 FPA detector, generating 4096 spectra giving

a spatial resolution of � 4 mm.
the Japanese ricefish, propranolol was the only compound that

caused acute toxic effects (at a concentration of 0.0937 mM).

Previous work carried out by Heipieper and co-workers40 on

bacterial cells showed that the initial damage that organic

solvents cause to bacterial cells is related to binding and pene-

tration into the lipid bilayer of the bacterial cell membrane. As

a consequence, membrane fluidity is affected and cells launch

appropriate responses to diminish these disruptive effects.

Membrane fluidity is re-adjusted primarily by altering the

composition of the lipid bilayer through cis-to-trans isomeriza-

tion of unsaturated fatty acids. Moreover, other studies have

shown that polar head group changes occur in the lipids found in

the membrane to re-establish membrane fluidity. Thus it is

encouraging that in our study that FT-IR showed that

propranolol had the largest influence on the lipid component of

the cells, and suggests that despite these defence mechanisms

propranolol is able to permeate the lipid bilayer more easily than

mefenamic acid and metoprolol. This may be a result of its highly

lipophilic nature and planar structure.
Conclusion

After only a six week exposure, the toxicity of propranolol,

mefenamic acid and metoprolol was measured using FT-IR

spectroscopy. From the PLS models it was possible to quantify

levels of APIs to which M. hardyi has been exposed. Moreover,

detailed metabolic fingerprinting maps, generated from FT-IR

microspectroscopy, revealed that these drugs had a dramatic

effect on the distribution of various chemical species throughout

the algae, and all drugs had an effect on protein and lipid levels,

potentially altering their food quality to consumer organisms. In
1712 | Analyst, 2008, 133, 1707–1713
particular, propranolol was the most potent drug showing

chronic effects at the lowest concentration reducing the lipid

complement found in the processes of M. hardyi.
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