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Abstract In view of increasing commercial appli-

cations of metal oxide nanoparticles their toxicity

assessment becomes important. Alumina (Al2O3)

nanoparticles have wide range of applications in

industrial as well as personal care products. In the

absence of prior report on toxicological impact of

alumina nanoparticles to microalgae, the principal

objective of this study was to demonstrate the effect

of the nanoparticles on microalgae isolated from

aquatic environment (Scenedesmus sp. and Chlorella

sp.). The growth inhibitory effect of alumina nano-

particles was observed for both the species (72 h

EC50 value, 45.4 mg/L for Chlorella sp.; 39.35 mg/L

for Scenedesmus sp.). Bulk alumina also showed

toxicity though to a lesser extent (72 h EC50 value,

110.2 mg/L for Chlorella sp.; 100.4 mg/L for Scene-

desmus sp.). A clear decrease in chlorophyll content

was observed in the treated cells compared to the

untreated ones, more effect being notable in the case

of nanoparticles. Preliminary results based on FT-IR

studies, optical and scanning electron microscopic

images suggest interaction of the nanoparticles with

the cell surface.
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Introduction

Metal oxide nanoparticles have been recently man-

ufactured at the industrial level and have tremendous

applications in water treatment, medicine, cosmetics,

and engineering (Royal Society Publications 2004;

USEPA 2005). For example, aluminum nanoparticles

are already used in explosive combinations (Kaste

and Rice 2004) and titanium dioxide nanoparticles

are mostly used as a photocatalysts and adsorbents in

consumer products like sunscreen lotion and as a

catalyst in sterilization and chemical engineering

catalyst in sterilization and chemical engineering

(Fujishima et al. 2000; Meng et al. 2005; Pena et al.

2005). Since the applications of these engineered

metal oxide nanoparticles increased in recent years, it

is expected that metal oxide nanoparticles will find

their way into the aquatic, terrestrial, and atmospheric

environment, where their fate and behavior are

largely unknown (Maynard et al. 2006; Nowack and

Bucheli 2007). Recently we have studied the effect of

aluminum oxide nanoparticles on E. coli (Sadiq et al.

2009). Toxicity effect of alumina (Al2O3) NP on

bacteria was suggested to be due to the attachments

of nanoparticles to bacterial cells (Jiang et al. 2009).
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Algal toxicity tests are extensively applied to

assess the effects of hazardous substances in water

since; algae play an important role in the equilibrium

of aquatic ecosystems, being the first level of the

trophic chain to produce organics and oxygen. Modes

of action of those particles with the biological

organism are largely unknown though there were

reports on toxicity to algae such as (Pseudokirch-

neriella subcapitata and Desmodesmus subspicatus)

by titanium dioxide, zinc oxide, and copper oxide

nanoparticles. However, to the best of our knowledge

there are no studies till date dealing with alumina

nanoparticles toxicity to algae.

The aim of the current investigation was to study

the difference (if any) in toxic response of micron-

sized and nanosized alumina particles toward micro-

algae isolated from aquatic environment.

Materials and methods

Chemicals

Dry alumina (Al2O3) NPs were procured from

Sigma Aldrich (St. Louis, Missouri; CAS Number

1344-28-1). The supplier’s data can be summarized

as follows: gamma phase alumina nanopowder,

particle size \50 nm. Bulk alumina powder was

also procured from Sigma Aldrich (St. Louis,

Missouri; Product Number H7881). The supplier’s

data can be summarized as follows: granular,

particle size \5 lm.

Characterization of aluminum oxide nanoparticles

Scanning electron microscopic analysis (SEM)

The morphological features and particle size of the

procured NPs were characterized by scanning elec-

tron microscopy. 10 mg/L of aluminum oxide nano-

particles were dispersed in Millipore water and

sonicated for 15 min in 750 W (20 kHz) ultrasonic

processor (Sonics Corp., USA). Aliquots of nanopar-

ticles dispersion were placed in the cover slip and

dried in hot air oven at 60 �C for 30 min; the slides

were subjected to scanning electron microscopic

analysis (FEI Sirion, Eindhoven, Netherlands).

Transmission electron microscopic analysis (TEM)

The particle size and shape of aluminum oxide

particles were determined by TEM (Philips CM12

Transmission Electron Microscope, Netherlands).

10 mg/L of aluminum oxide nanoparticles was

immersed in acetone solution after ultrasonic treat-

ment for 5 min. The dispersed particles were then

deposited onto the lacey-carbon-coated copper grid.

Powdered X-ray diffraction analysis

The crystal structures of the nanoparticles were

characterized by powdered XRD (D8 Advanced

X-ray diffractometer, Burker, Germany) scan with

2.2 kW Cu anode radiation at wavelength 1.54 Å

produced by a Ceramic X-ray tube. About 250 mg of

Al2O3 was deposited on the sample holder for

scanning in the range 10�–100�. The crystalline

formation was determined from the diffraction

pattern and the crystallite size was calculated by the

Scherrer formula.

Preparation of nanoparticles dispersion

The alumina NPs obtained from the suppliers were

used to produce suspensions in OECD algal medium

201 (OECD 1984). Stock suspensions of nano and

bulk alumina oxides were prepared in algal medium

immediately before each experiment (3, 6, 12, 24, 48,

96, and 192 mg/L) in seven different concentrations

and kept at 4 �C in refrigerator. Before use they were

sonicated for 30 min in 750 W (20 kHz) ultrasonic

processor (Sonics, USA).

Hydrodynamic size measurement

Dynamic light scattering also known as photon

correlation spectroscopy was used to determine the

hydrodynamic diameter of the particles in the

suspensions. Diluted samples (40 mg/L) of alumina

nanoparticles in suspension were used to determine

the particle size. Samples were taken in two intervals

(0 and 72 h).The measurements were conducted with

the Zeta sizer (90 plus Particle Size Analyzer,

Brookhaven instruments corporations, USA). The

mean hydrodynamic diameter (z-average mean) was

calculated from the autocorrelation function of the

intensity of light scattered from the particles. The

3288 J Nanopart Res (2011) 13:3287–3299

123



software used was BI-DLSW control software for

Windows in-built, supplied by the manufacturer

(Brookhaven instruments corporations, USA).

Test organisms

The algal species (Scenedesmus sp. and Chlorella sp.)

were isolated from VIT Lake, Vellore, India. Stan-

dard isolation protocol was followed for isolation of

algal species as follows: Soil water mixture samples

were collected in screw-capped bottles. Bold Basal

Medium was used in this study and the initial pH

value was 6.8. The media were autoclaved at 121 �C

for 15 min before use. One gram mixture of soil and

water sample was inoculated into 10 mL of the media

in a large test tube and then cultured at 25 �C in a

temperature-controlled incubator cum orbital shaker

(I.L.E Co, India) for 3 weeks. Illumination was

provided by white fluorescent light. The light inten-

sity was 5000 Lux and the diurnal cycle was

12 h day/12 h night was maintained for 2 weeks.

Algae culture was then flushed with sterile water and

serial dilution was made and plated in BB medium

for optioning pure cultures for 1 to 2 weeks. Genus

level identification was done with the help of Centre

for Advanced Studies (CAS) in Botany, University of

Madras, India. The cultures were enriched with

Modified Bold Basal Medium protocol (Fargasova

2001) for maintenance of the cultures throughout the

study.

Algal growth inhibition study

Algal growth inhibition study was performed by

using OECD test guidelines (OECD 1984). During

72 h growth experiments the exponential growth

phase of algal cultures were used and exposed to

various concentrations of the test substance under

controlled conditions. It was insured that the cell

concentration of the control culture (devoid of test

substance) increased at least 16 times during 3 days.

Also, the algal bio mass and total chlorophyll were

measured at 24, 48, and 72 h intervals as described in

previous reports (OECD 1984; Fargasova 2001). The

algal growth inhibition was analyzed in batch

cultures containing varying concentrations of alumina

NPs and its bulk counterparts in suspensions (3, 6, 12,

24, 48, 96, and 192 mg/L).

Sterile side-arm Erlenmeyer flasks (250 mL) con-

taining 50 mL of OECD medium with varied con-

centration of dispersed NPs (sonicated for 30 min to

avoid aggregation) were inoculated with 1 mL of the

freshly prepared algal suspension to maintain initial

algal concentration of 10,000 cells/mL which was

correlated with cell density as determined by cell

counts in Neubauer hemocytometer (cells/mL). The

flasks were then incubated for 72 h in a temperature

controlled orbital rotary shaker (I.L.E Co, India) at

(100 rpm) at 27 �C, illuminated with cool white

fluorescent lights at a continuous light intensity of

5000 lux. High rotary shaking speed was selected to

minimize aggregation and settlement of the NPs over

the incubation period. Algal growth was measured as

an increase in absorbance at 680 nm determined

using a spectrophotometer (CL-157 colorimeter;

ELICO Company, Hyderabad, India). The experi-

ments also included a positive control (flask contain-

ing NPs and OECD medium, devoid of algal cells)

and a negative control (flask containing algal cells

and nutrient medium, devoid of NPs). The negative

controls indicated the algal growth profile in the

absence of NPs. The absorbance values for positive

controls were subtracted from the experimental

values (flasks containing OECD medium, algal

inoculums, and NPs). Positive control OD values

for different concentrations of nanoparticles in algal

growth medium are given as follows: 3 mg/L (O.D:

0.01), 6 mg/L (O.D: 0.013), 12 mg/L (O.D: 0.02),

24 mg/L (O.D: 0.03), 48 mg/L (O.D: 0.04), 96 mg/L

(O.D: 0.09), and 192 mg/L (O.D: 0.15). All the

experiments were carried out in triplicate and the

mean value was reported.

Optical microscopic analysis

Algal samples were collected at different time

intervals such as initial 0 h and at the end of the

experiment 72 h. Images were taken with Phase

contrast microscope (Zeiss Axiostar Phase Contrast

Microscope, USA). All images were taken in 50 lm

scale to get a clear picture of the algal cells.

Scanning electron microscopic analysis

The surface of algal biomass after treating 48 mg/L

of alumina nanoparticles were observed by scan-

ning electron microscopy. Aliquots of algal cells
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interacted with 48 mg/L of alumina nanoparticles

were withdrawn during 72 h growth periods from the

test system and a drop of algal sample was placed on

cover slip and air dried. It was then chemically fixed

for a period of 24–96 h using 4% (w/v) glutaralde-

hyde. Then the samples were rinsed in distilled water

thrice and then dehydrated in graded series of ethanol

(30, 50, 75, 85, 95, and 100%) for 3 min each and air

dried under vacuum and kept in desiccators until use

and then film was coated with gold and loaded for

SEM analysis (Model S-3400 N, HITACHI).

FT-IR analysis

All cultivated algal strains (test as well as control)

were prepared by an identical procedure for FT-IR

spectroscopy. Two ml of the algal cell suspensions

from 72 h test solution in presence of 40 mg/L

alumina nanoparticles were harvested by centrifuga-

tion for 3 min at 14,0009g at ambient temperature.

The pellets were washed twice with 1 mL isotonic

sodium chloride solution and centrifugations were

repeated after which the pellets were dried for 30 min

at 40 ± 0.5 �C in a hot air oven. The dried cells were

subjected to Fourier transform-infrared (FT-IR) by

potassium bromide technique in a Nicolet 6700 FT-

IR Spectrometer (Thermo Scientific Instruments

Groups, Madison, Wisconsin).

Statistical analysis

Algal growth inhibition tests with the green algae

were preformed in triplicates; the EC50 values

(aluminum oxide concentration required to cause a

50% reduction in growth) were computed. The EC50

values were calculated using EPA probit analysis

(program version 1.5). The level of significance was

accepted at P B 0.05. In the figures, values are drawn

as mean ± standard error and in the table; EC and

NOEC values are reported with mean value.

Results and discussion

Preliminary characterization

The preliminary characterization of aluminum oxide

nanoparticles were carried out by High resolution

SEM, TEM, and X-ray diffraction analyses before

introducing them to the test conditions. The high

resolution SEM image of procured alumina nanopar-

ticles is shown in (Fig. 1). Nearly spherical to

spheroid shaped nanoparticles was observed. The

particles were observed to be in agglomerated

condition. The difference in primary size as given

by the suppliers’ data and experimentally obtained

data may be due to aggregation of the nanoparticles

in aqueous suspension. Further characterization

regarding size and shape of the alumina nanoparticles

were carried out by high resolution TEM images

(Fig. 2). The TEM images taken in a 50 nm scale

showed the alumina nanoparticles in different sizes

ranging from 9 to 172 nm. Nearly all the parti-

cles exhibited spherical shape. Figure 3 shows the

X-ray diffractograms of nano aluminum oxide. Six

Fig. 1 Scanning electron micrograph showing procured alu-

minum oxide nanoparticles

Fig. 2 TEM analysis of aluminum oxide nanoparticle

dispersion
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diffraction peaks (at 67.0�, 47.8�, 39.5�, 36.5�, 34.5�,

32.8�) were observed among them 67.01� and 47.8�
were intense peaks. The data obtained were matched

with the database of joint committee on Powder

Diffraction Standards (JCPDS) card file No. 46-1215,

which confirmed crystalline structure of alumina. The

Debye-Scherrer equation was used to derive the

crystallite size from the XRD data by determining the

width of the 67.01� peak according to the equation.

Where L is the particle size (nm), k is the Scherrer

constant, b is the full width half maximum, h is the

half of Bragg angle, and k is the wavelength of X-ray.

The crystallite size was determined to be 17 ± 3 nm.

Hydrodynamic size analysis and aggregation state

The hydrodynamic particle size of nano as well as

bulk alumina particle in the growth medium is shown

in Table 1. Since we used the particles in suspensions

for toxicological studies, it was of utmost importance

to find out the size of the particles in test conditions

(secondary size), and the differences if any with the

pristine size or primary size. Initial size of nano

alumina immediately after ultra-sonication was found

to be 172.1 nm and for bulk alumina it was 630.2 nm.

We observed an increase size in both the cases with

time. The mean particle size in growth medium

devoid of test species was always less in comparison

to that in test conditions for all the durations

examined. Colloidal systems are dynamic non-equi-

librium systems and are often sensitive to physical or

chemical disturbances (Filella and Buffle 1993).

Mixing under laboratory conditions that introduce

shear forces are likely to perturb the dispersion state

of ENPs, possibly leading to either further aggrega-

tion or to partial disruption of existing aggregation.

The presence of algal species further complicates the

situation. Therefore, the data presented in the Table 1

were average aggregation state of the particles with

and without algal species in the growth medium. The

average state in the control medium was solely

dependent on surface chemistry of the particles and
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Fig. 3 Powdered XRD

pattern of nano aluminum

oxide

Table 1 Hydrodynamic sizes of nano and bulk alumina particles in algal medium at different time intervals

Particles Mean value

of particle

size at 0 h

Mean value of particle

size at 24 h

Mean value of particle

size at 48 h

Mean value of particle

size at 72 h

Uninteracted Interacted Uninteracted Interacted Uninteracted Interacted

Nano aluminum oxide (nm) 172.1 177.0 232.6 289.2 363.4 392.9 562

Bulk aluminum oxide (nm) 630.2 666.7 742.6 731.0 824.3 935.3 943
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the solution parameters like pH and ionic strength

(Handy et al. 2008).

Toxicity parameters

The important toxicity parameters such as EC50, and

NOEC are given in Table 2. As illustrated by the

growth curves in Fig. 4a, b both bulk and nano forms of

aluminum oxide were toxic to Chlorella sp. The 72 h

EC50 values for bulk alumina and nano alumina were

110.20 and 45.40 mg Al2O3/L, respectively. A typical

concentration-dependent inhibitory effect of alumina

was observed in both bulk and nano alumina particles

with higher inhibitory response in the case of nano-

particles. Total chlorophyll content of Chlorella sp.

treated with bulk and nano alumina particles were

shown in Fig. 5a, b for the different concentrations of

the particles used. In both the cases the total chloro-

phyll content was significantly lower in the treated

cells compared to that of control cells. A concentra-

tion-dependent decrease in the chlorophyll content

was noted, which confirmed growth inhibitory effect of

increasing concentration of the particles. Comparing

Fig. 5a, b enhanced toxicity effects of nanoparticles

with respect to higher size bulk particles was evident.

Both bulk and nano form of aluminum oxide were

also toxic to Scenedesmus sp. (Fig. 4c, d). The 72 h

EC50 values for bulk and nano alumina were 100.40

and 39.35 mg Al2O3/L, respectively (Table 2). A

concentration-dependent decrease in total Chloro-

phyll content of Scenedesmus sp. was noted upon

treating with bulk and nano alumina particles as

shown in Fig. 5c, d.

Interaction of alumina particles

with the microalgae and comparison

between the test systems

Interaction of alumina particles with micro-algae

were shown in culture flasks containing algal growth

medium, from left to right in Fig. 6a, d for Scene-

desmus sp. and Chlorella sp. cultures, respectively:

the first one is control flask devoid of nanoparticles

the robust algal growth can be visualized. The

remaining flasks contained with nanoparticles, which

presumably inhibited the algal growth; most of the

algal cells settled down at the bottom of these test

flasks. The phase contrast microscopic images of the

uninteracted algal cells are given in Fig. 6b, e for

Scenedesmus sp. and Chlorella sp. cultures, respec-

tively. Figure 6c, f depicts aggregates of particles

covering almost all treated algal cells. Interestingly

the flocculation of the algal cells was observed in the

case of treated cells. The aggregation in the test

solutions was already confirmed in the DLS studies.

A comparative analysis of growth data of the two

test algal species treated with the bulk and nano form

of Al2O3 revealed that Scenedesmus sp. were more

sensitive than Chlorella sp. Alumina NPs were toxic

to the both the tested algal species, while their bulk

counterparts showed less toxicity, which could be due

to the difference in particle size in suspension. The

mean particle size in the test medium was found to be

always more for bulk particles compared to the

nanoparticles (Table 1). Their greater surface area

per mass compared with larger-sized particles of the

same chemistry, often enhances to a large extent the

biological reactivity of the engineered nanoparticles

(Oberdörster et al. 2005). This might result in

catalysis of redox reactions upon contact with organic

molecules (Zhang 2003) and also could have impact

on photosynthetic or respiratory processes of algal

species. Toxicity of TiO2 ENPs to the green algae

Desmodesmus subspicatus was shown to depend on

the ENPs’ specific surface area (Hund-Rinke and

Simon 2006). Importantly, the mean particle size for

nano alumina in the test medium was always greater

than that in the growth medium without the test

species (Table 1). This might be due to attachment of

small aggregates of NPs on the surface of algae

Table 2 The toxicity of nano and bulk aluminum oxide to algae Scenedesmus sp. and Chlorella sp. (72 h growth inhibition)

Algae EC50
a (mg/L) of nano Al2O3 EC50

a (mg/L) of bulk Al2O3 NOECa,b of nano Al2O3 NOECa,b of bulk Al2O3

Scenedesmus sp. 39.35 100.4 2.1 3

Chlorella sp. 45.40 110.20 1.8 3

a Mean of three replicates
b No-observed effect concentration
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(Fig. 6c, f), though large aggregates were observed in

NP suspensions.

In a study on toxicity of metallic alumina nano-

particles to the green algae Pseudokirchneriella

subcaptitata Griffitt et al. (2008) reported that the

dissolution of nano alumina (1–4%) might be

responsible for the toxic effect the but in our case

the dissolution of aluminum oxide was found to be

beyond the detectable range (data not shown).

However, our results corroborated with their study

one important finding: different species behaved

differently in susceptibility to nanoparticles and thus

the EC50 values were different among the species

used in the experiments.
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Fig. 4 a Growth inhibition

effect of bulk aluminum

oxide on Chlorella sp. cells.

b Growth inhibition effect

of nano aluminum oxide

on Chlorella sp. cells.

c Growth inhibition effect

of bulk aluminum oxide

on Scenedesmus sp. cells.

d Growth inhibition effect

of nano aluminum oxide

on Scenedesmus sp. cells
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In this study we could not find detectable amount

of Al3? in the supernatant of the NP dispersion. This

is due to insoluble nature of Al in near neutral region

(Driscoll and Schecher, 1990). In a related study,

Jiang et al. (2009) has also shown that from silica and

alumina nanoparticles used in their study no detect-

able Al and Si were released. Therefore, the effect of

soluble Al3? was not considered for this study.

Sites of interaction

Most cells of plants, algae and fungi possess cell walls

that constitute a primary site for interaction and a

barrier for the entrance of ENPs into their cells. Major

cell wall components are carbohydrates, linked to form

a rigid complex network and proteins (Knox 1995). The

functional groups such as carboxylate, phosphate,

hydroxyl, amine, sulfhydryl, and imidazole present in

these biomolecules offer a range of distinct active sites.

Algae typically have glycoproteins and polysaccha-

rides in their cell walls. To determine the active sites

which possibly participated in interaction with the

nanoparticles, FT-IR study of uninteracted and inter-

acted algal cells was undertaken. Figure 7 shows the

FT-IR spectra of interacted and control algal cells

of Chlorella sp. in the mid infra red region

(4000–400 cm-1). The region 3700–3300 cm-1 is

characteristic for O–H and N–H stretching vibrations

(Guo and Zhang 2004). The region between 1800 and

1500 cm-1 shows characteristic bands for proteins,

wherein 1700–1600 cm-1 is specific for amide-I bands

(Dumas and Miller 2003) which is mainly due to C=O

stretching vibrations of peptide bond signifying possi-

ble involvement of carboxyl group of COOH in

interaction with the nanoparticles. The regions from

1200 to 900 cm-1 are mainly dominated by a sequence

of bands due to C–O, C–C, C–O–C, and C–O–P

stretching vibrations of polysaccharides (Yee et al.

2004). These groups mainly occur in carbohydrates and

cellular polysaccharides. Figure 8 shows the spectral

details of Scenedesmus sp. cells. Even in this case

distinct band shifts were noted. In this case also a band

near 775 cm-1 revealed that a significant amount of

alumina nanoparticles might be adsorbed by the cells.

Notably, in the alumina interacted cells for both the

algae (Figs. 7, 8) we observed bands in 750–800 cm-1

region, which seems to be due to presence of alumina on

the algal cell wall. A conspicuous band near 800 cm-1

has been reported in prior studies dealing with vibra-

tional spectra of alumina. Tarte (1967) has shown the

importance of the condensed or isolated state of the

AlO6, and AlO4 coordination groups present in c-A1203

structure in order to define the characteristic infrared

absorption band frequencies. Based on experimental

results he demonstrated that for AlO6 condensed

octahedral and AlO4 isolated tetrahedra, vibrational

frequencies would be found in the range 680–500 cm-1,

and 800–700 cm-1, respectively. Saniger (1995) also

reiterated the significance of localized vibrations of the

AlO4 and AlO6 coordination groups in c-A1203 vibra-

tional spectra. According to him the medium strong

band near 753 cm-1 lies in the center of expected

vibration range of isolated AlO4 coordination groups.

Similar results have also been supported by a few other

researchers (Chandradass and Balasubramanian 2006;

Naskar et al. 2002).

Summing up the spectral results, certain functional

groups on the cell wall define the sites, which interact

D

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Time (h)

A
b

so
rb

an
ce

 @
 6

80
 n

m

Control

3

6

12

24

48

96

192

0 24 48 72

Fig. 4 continued

3294 J Nanopart Res (2011) 13:3287–3299

123



with the nanoparticles in the suspension. Therefore,

we may conclude that the nanoparticles in suspen-

sion interacted with the algal cell wall (Surface

Interaction).

Probable surface interactions

There are several physical–chemical factors like

composition, concentration, size, ion dissolution

which play a major role in deciding toxic behavior

of nanoparticles toward algae. The opacity of nano-

particles suspension can indirectly play a role in

growth inhibitory effect by decreasing the light

intensity. Navarro et al. (2008) have mentioned about

physical restraint as one of the indirect mecha-

nisms of nanoparticles toxicity toward algae. In

their opinion, accumulation of nanoparticles on the

algal surface causes a shading effect inhibiting
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Fig. 5 a Effect of bulk

aluminum oxide on total

chlorophyll content of

Chlorella sp. cells. b Effect

of nano aluminum oxide on

total chlorophyll content of

Chlorella sp. cells. c Effect

of bulk aluminum oxide on

total chlorophyll content of

Scenedesmus sp. cells.

d Effect of nano aluminum

oxide on total chlorophyll

content of Scenedesmus sp.

cells
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photosynthetic activity. Hoeckel et al. (2008) could

not find any evidence for SiO2 NPs (12.5 and 27 nm

dia) uptake into the cells of P. subcapitata from

electron microscopy images, but demonstrated that

the particles were adsorbed onto the cell wall.

Sorption of nanoparticles to the algal cell walls was

reported to be a function of aggregation tendency and

interaction with other organics present in the system

(Chen and Elimelech 2007). In another related study

an increase in cellular weight was reported owing to

TiO2 nanoparticles adsorbed onto the algal surface

(Huang et al. 2005).

In our study also Fig. 6c, f clearly demonstrated

aggregates of alumina NPs around the algal cells. The

Fig. 6 a Culture media of Scenedesmus sp. interacted with

alumina nanoparticles. Arrow mark indicating the algae settled

at the bottom of the flask. b Phase contrast microscopic images

showing morphology of uninteracted cells of Scenedesmus sp.

c Phase contrast microscopic images showing agglomerates of

nanoparticles clumped with algal cells of Scenedesmus sp. after

interaction. d Culture media of Chlorella sp. Interacted with

alumina nanoparticles. Arrow mark indicating the algae settled

at the bottom of the flask. e Phase contrast microscopic images

showing morphology of uninteracted cells of Chlorella sp.

f Phase contrast microscopic images showing agglomerates of

nanoparticles clumped with algal cells of Chlorella sp. after

interaction
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surface interaction was also confirmed from scanning

electron micrograph (Fig. 9) showing the attachment

of alumina nanoparticles onto the cell wall of

chlorella sp. after the interaction. The FT-IR studies

(Figs. 7, 8) also corroborated active participation of

the surface groups in the interaction confirming

further the case of adsorption of the aggregated NPs

onto the surface. Decreased light availability (shading

effect) owing to surface adsorption of the particles on

the algal cell wall was one of the factors behind

observed growth inhibitory effects. An increased

surface area of the nano-sized particles compared to

micron-sized particles would result in enhanced

adsorption, thus causing more growth inhibitory

effect (Fig. 4a–d). Further studies need to be under-

taken to obtain detailed mechanistic understanding of

the algal toxicity effects.

Conclusions

To our knowledge this is the first systematic study

reporting the effects of alumina nanoparticles on

algal growth. Alumina exhibited toxicity, both in

bulk and nano form, though it was remarkably more

toxic to algae as nanoparticles. Concentration-depen-

dent decrease in the chlorophyll content may be due

to the shading effect of alumina particles. The

aggregation of the nanoparticles during test duration

was confirmed through increase in hydrodynamic

diameter. Algal species enhanced the aggregation

effect. The FT-IR studies with respect to the surface

chemistry of the interacted cells demonstrate proba-

ble interaction between the particles and the surface

active sites on the cell wall. The entrapment of algal

cells in aggregates of alumina nanoparticles may play

a pivotal role in toxicity to the algal specie.
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