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. Description of the Project

. Project number :04-01-05-SF0617
. Project title :Low Gradient Magnetic Separation of Microalgae from Fish Farm Water
. Project leader :Lim Jit Kang

. Project Team (Please provide an assessment of how the project team performed and highlight

any significant departures from plan in either structure or actual man-days utilised)
In this project we have successfully demonstrated the ability to harvest microalgae from local fish farm water by
using low gradient magnetic separation (LGMS). There is no any significant departures from the original plan as all

proposed milestones have been completed successfully.

. Industrial Partnership : (Please describe the nature of collaborations with relevant industry)

In this project, all the sample water is obtained directly from Aik Lee Fishery. We have initiated an active
partnership with the industry by not only getting samples from them but also engage them in the design of our
system.

National/International Collaboration (please identify research organisations and describe the nature of
collaboration)

The PI of this project, JitKang Lim, has initiated an active collaborationship with Prof. Chun Zhao Liu's group from
Chinese Academy of Science (CAS) working on magnetic separation of motile microalgae. Besides, he was also
been invited to visit Prof. Jiwon Yang's group of The Korean Advanced Institute of Science and Technology (KAIST)

to collaborate on microalgae separation technology.

. Project Duration : 30.0 months.

Start Date : June(month)2013(Year)

End Date : November(month)2015(Year)

. Total Budget Approved : RM RM298,263.00




B. Objectives of the project

1. Socio-economic Objectives (SEO)

Which socio-economic objectives are addressed by the project? (Please identify the Research Priority Area, SEO
Category and SEO Group under which the project falls. Refer to the Malaysian R&D Classification System, 4th
Edition.)

Research Cluster SEA TO SPACE

SEO Category : Natural Sciences, Technologies and Engineering
SEO Group : Engineering Sciences

SEO Area : Engineering Sciences

2. Fields of Research (FOR)

Which are the two main FOR Categories, FOR Groups, and FOR Areas of your project? (Please refer to the
Malaysian R&D Classification System, 4th Edition)

a.Primary Field of Research

* FOR Category : Environmental Sciences

* FOR Group : Environment Technology/ Industry

* FOR Area : Water and wastewater treatment technology

b. Secondary Field of Research (if applicable)

* FOR Category : Material Sciences
* FOR Group : Functional Materials
* FOR Area : Magnetic materials

End of Project 2



C. Objectives achievement

* Original project objectives (Please state the specific project objectives as described in
Section II of the Application Form)
1. To design and synthesis environmental fn’endly. and magnetically responsive magnetic iron oxide
nanoparticles (MIOPs) with good colloidal stability. 2. To tagged the as synthesized MIOPs onto microalgae cells
via electrostatic interaction. 3. To study the transport behavior of the MIOPs tagged microalgae within low field
gradient under various conditions. 4. To study the kinetic of magnetophoresis aided separation of microalgae

under low field gradient from fish farm water.

* Objectives Achieved (Please state the extent to which the project objectives were achieved)

1. Successfully synthesized surface-functionalized MIONPs with saturation magnetization of 35 emu/g 2.
Successfully tagged the microalgal cells with surface-functionalized MIONPs via “electrostatic” interaction. 3.
Successfully characterized the transport behaviors of (1) interacting vs non interacting system and (2) shape
anisotropy system, on MIOPs tagged microalgal cells under low fied gradient. 4. Successfully recorded the

separation kinetic profile of low gradient magnetophoresis for cell separation and use this information for the

design of separation strategy.

* Objectives not achieved (Please state the extent to which the project objectives were achieved)

All objectives have been achieved.

D. Technology Transfer / Commercialisation Approach, if any. (Please describe the approach

planned to transfer / commercialise the results of the project)

Currently, the PI is undergoing the coaching partnership of Biotech Corp on commercialization of this LGMS
technology. There are two possible way to bring this technology to the market: (1) on the design of magnetic
separator, and/or, (2) on the design of magnetophoresis reader. The first product is based on the design of rotary
drum magnetic separator and its commercialization is not only restricted for fish farm usages but also for any kind
of microalgae separation (including harvesting biofuel). Whereas, the potential market for magnetophoresis reader
is from industry and academy research lab, in which, the study of kinetic behavior of magnetic separation process

is being conducted. The PI is currently working on a bridging fund to bring these two technologies to the market.

E. Assessment of Research Approach (Please highlight the main steps actually performed and indicate any

major departure from the planned approach or any major difficulty encountered)

End of Project 3



F. Assessment of the Project Schedule (Please make any relevant comment regarding the actual duration
of the project and highlight any significant variation from plan)

This project was extended for 6 months to finish an added task of using a commerciallized available LGMS system

sold by Sepmag, Spain. All the objectives listed in the original proposal and the listed tasks have been completed
successfully.

G. Assessment of Project Costs (Please comment on the appropriateness of the original budget and
highlight any major departure from the planned budget)

Since both the PhD and MSc students working on this project is sponsored by MyBrain Scholarship, certain portion
of allocation in Vot 11,000 has been used for chemical supply.

H. Additional Project Fundling Obtained (In case of involvement of other funding sources,please
indicate the source and total funding provided)
An international grant with total value of USD 9,500 was obtained based on the results of this project: TWAS-

COMTECH Grant 13-378 RG/ENG/AS_C: Magnetophoretic Separation of Microalgae from Fishfarm Water at Low
Field Gradient - Collision Frequency Contribution from Foreign Objects

1. Benefits of the Project (Please identify the actual benefits arising from the project as defined in Section III of
the Application Form. For examples research direct outputs, organisational outcomes and sectoral/national impacts,

please refer to Section III of the Guidelines for the Application of R&D Funding under ScienceFund)
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1. Direct Outputs of the Project (please describe as specifically as possible the outputs achieved and

provide an assessment of their significant to users)
i. Technical contribution of the project

a. What was the achieved direct output of the project:

Basic Research
Project

Description:

[ ] Agorithm
I:] Structure
Data

D Other, please specify : A LGMS Process Design

Basic Research Project Description:

Method/technique
D Demonstrator/prototype

End of Project 5



I:I Product/component
Process
[_] software

D Other, please specify :

b. How would you characterise the quality of this output?

Significant breakthrough
l:l Major improvement
|:| Minor improvement

ii. Contribution of the project to knowledge

a. How has the output of the project been documented?

D Detailed project report
|:| Product/process specification documents
I:l Other, please specify :  Journal papers

b. Did the project create an intellectual property stock?

I:l Patent obtained

|:| Patent pending
|:] Patent application will be filed

D Copyright

End of Project 6



c. What publications are available?

National  International
Articles (s) in scientific publications How many : 6
I:l Paper(s) delivered at conferences/seminars How many :

I:l Book How many :

I:l Other, please specify :

d. How significant are citations of the results?

D Citations in national publications How many : 48

Citations in international publications How many :

D Not yet
I:l Not known

End of Project 7



2. Organisational Qutcomes of the Project (Please describe as specifically as possible the

organisational benefits arising from the project and provide an assessment of their significance)
i. Contribution of the project to expertise development

a. How did the project contribute to expertise?

Area of Specialisation:
PhD degrees How many: 1
MSc degrees How many: 1
D Research staff with new specialty How many :

D Other, please specify :

b. How significant is this expertise?

[:] One of the key areas of priority for Malaysia

An important area, but not a priority one

ii. Economic contribution of the project?

a. How has the economic contribution of the project materialised?

D iption (if applicable)
[:I Sales of manufactured product/equipment

D Royalties from licensing
|:] Cost savings

Time savings

D Other, please specify :

End of Project 8



b. How important is this economic contribution?

I:I High economic contribution
I:I Medium economic contribution
Low economic contribution

Value : RM 0.00
Value : RM 0.00
Value : RM 0.00

I:I Already materialised

D Within months of project completion
D Within three years of project completion
Expected in three years or more

D Unknown :

c. When has this economic contribution materialised?

End of Project 9




iii. Infrastructural contribution of the project

a. What infrastructural contribution has the project had?

New equipment Type:

D New information networks
|:] Other, please specify :

b How significant is this infrastructural contribution for the

) organisation?

[ Not significant/does not leverage other projects
I:I Moderately significant
[[X] Very significant/significantly leverages other projects

:] Newj/improved facility Investment :

Value : RM 48660.00
Value : RM 0.00

iv. Contribution of the project to the organisationa€™s reputation

[_] Recognition as a Center of Excellence
m National award (Type and category)

[X] international award (Type and category)
D Demand for advisory services

[] mvitations to give speeches on conferences
D Visits from other organisations

D Other, please specify :

a. How has the project contributed to increasing the reputation of the Organisation

[] Not significant
[_] Moderately significant

[[X] Very significant

b. How important is the projecti€™s contribution to the organisationa€™s reputation?
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i. Contribution of the project to organisational linkages

a. Which kinds of linkages did the project create?

Domestic industry linkages
D International industry linkages
D Linkages with domestic research institutions, universities

Linkages with international research institutions, universities

b. What is the nature of the linkages?

Staff exchanges
D Inter-organisational project team
D Research contract with a commercial client
I:I Informal consultation
D Other, please specify :
i. Social-economic contribution of the project

a. Who are the direct customer/beneficiaries of the project output?

b. How has/will the socio-economic contribution of the project materialised?

[ improvements in health

D Improvements in safety

D Improvements in the environment
Improvements in energy consumptiorflsupply
:] Improvements in international relations

|:| Other, please specify :

c. How important is this socio-economic contribution?

[(X7] High social contribution
[] Medium social contribution
D Low social contribution

d. When has/will this social contribution materialised?

[ Atready materialised
I::] Within three years of project completion
Expected in three years or more

D Unknown

3. National Impacts of the Project (If known at this point in time, please describe as specifically as

possible the potential sectoral/national benefits arising from the project and provide an assessment of their significance)
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Magnetic nanoparticles (MNPs) have been proposed as one of the effective tools for pollutant removal
from aqueous environment. In most of the new strategies investigated, which involved the use of MNPs,
the ability to reharvest back this nanomaterial by an externally applied magnetic field is always being
emphasized. In this short communication, we discuss the challenges associated to the magnetic separa-
tion of MNPs from its suspending media through magnetophoresis under low magnetic field gradient. We
highlight the major constraints, such as thermal energy, Stokes drag and gravitational pulling, which
influence the successful separation of MNPs from aqueous environment by low gradient magnetic sepa-
ration (LGMS). Dimensionless numbers are introduced to provide a more quantitative comparison
between the aforementioned constraints with magnetophoresis at low field gradient. Finally, we focus
our discussion on the role of (1) guided/self-assembly approaches and (2) on-site LGMS strategy as the
most practical routes of using MNP for water remediation.
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1. Introduction

In last decade, we have observed a booming of research findings
on the huge potential of magnetic nanoparticles (MNPs) in remov-
ing dangerous pollutants, such as arsenic [1], heavy metals [2],
chlorinated compounds [3], and also organic dyes [4] from water
resources. One of the great advantages of this MNP based water
treatment technique is the recollection ability of MNPs, which
can be easily achieved by using a hand held permanent magnet
[1.4], after the hazardous compound was adsorbed onto the parti-
cle surfaces. The underlying principle behind this separation tech-
nique is remarkably straightforward. It relies on the simple fact
that the magnetic materials experience magnetophoretic force in
the presence of magnetic field gradients and thus these materials
can be physically separated out from the surrounding fluids by a
magnetic source. In addition, MNPs can also be employed to impart
a magnetic dipole moment to biological cells, through immobiliza-
tion on the cell surfaces, which subsequently leading to magne-
tophoretic separation of biological substances [5].

The rapid magnetophoretic separation of MNPs under low
magnetic field gradient (VB < 100 Tesla/m), as observed by others
is very likely through field-induced reversible aggregation of

* Corresponding author at: School of Chemical Engineering, Engineering Campus,
Universiti Sains Malaysia, Seri Ampangan, Nibong Tebal, Penang 14300, Malaysia.
Tel.: +60 4 599 6423; fax: +60 4 599 1013.

E-mail address: chjickangl@eng.usm.my (J. Lim).

1383-5866/5$ - see front matter © 2014 Elsevier B.V. All rights reserved.
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particles [6]. Under this scenario, the particle clusters formed
would migrate to the region where the magnetic field gradient is
the highest. Along its migration pathway, the moving MNP clusters
collide with each other and integrated into larger aggregates with
higher magnetophoretic velocity [6.7]. This mechanism is the key
factor for successful separation of MNPs in real time and revealed
the opportunity for the implementation of low gradient magnetic
separation (LGMS) for engineering applications.

In contrast to conventional industry practice in which high gra-
dient magnetic separation (HGMS) is normally being employed,
the design rules for LGMS is ill-defined and poorly understood.
Moreover, the key parameters involved for implementation of
LGMS in water treatment technology are also not being fully ex-
plored yet. Recently, Mandel and Hutter have briefly discussed
the problems related to MNPs separation [§]. They raised an inter-
esting point in which the use of ferrofluid as a nanoemulsion pro-
vides better alternative for water treatment purpose compared to
easily agglomerated MNP suspension. However, the liquid-liquid
interface between the nanoemulsion and the aqueous media can
be the major barrier toward the full realization of this noble idea.
Nevertheless, the key question here is how the nanosized magnetic
particles can be used effectively for water treatment, and more
importantly, the recollection of these particles from their suspen-
sion. It is the purpose of this paper to illustrate some general rule
of thumbs related to the separation of MNPs under low field
gradient.
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2. Underlying problems associated to LGMS

It is often being illustrated that by introduction of a magnetic
field, the separation of MNPs from aqueous environment can be
made possible in real time as shown in Fig. 1. Even though, the sep-
aration time involved is very feasible for practical usages at lab
scale, the possibility for this kind of setup to be fully implemented
for water treatment purposes is as good as none. By taking the
example of a cylindrical NdFeB magnet, the magnetic field B, along
its symmetry axis as a function of the distance x away from the
magnet pole face can be estimated quite accurately by following
equation [9]:

B _ B x+1L X
B _
2| a7+ V4R

where R is the radius of the cylinder, L is the length of the cylinder,
B- is the remanence or residual induction of the magnetic material.
For a grade N50 NdFeB, B, is about 1.45 Tesla. This calculated By has
a very good match with experimentally measured results [10] and
for the permanent magnet shown in Fig. 1, with a dimension of
R=0.7cm and L=1.5cm, its magnetic field B, decay rapidly from
the magnet pole face (Fig. 2). Once, the MNPs has been released into
environment for water treatment purposes, there is no such magnet
or magnetic separation devices/strategies can be employed to cope
with the length scale involved, up to kilometers, in re-harvesting
them back. For an example, according to Eq. {1}, in order to generate
an appropriate field gradient to achieve LGMS at separation dis-
tance of 1 km (x = 1000 m) would require a cylindrical NdFeB mag-
net (at the same aspect ratio of the magnet shown in Fig. 1) with
radius of 140 m and length of 300 m.

This analogy bring out an important message in which for any
in situ water treatment technology that involved the usages of
MNPs, it is misleading to emphasize on its magnetic separation.
Once being released into the environment there is no way for
MNPs to be re-harvested back, at least not by magnetic separation.
Thus, it is more appropriate for the implementation of MNPs under
the setting of a on-site treatment facility. Under this context, the
application of LGMS as a downstream separation unit can be both
economical and technological feasible [5]. For engineering applica-
tion, the (a) inhomogeneous field gradient and (b) complex distri-
bution of magnetic field lines in three dimensional space of a
permanent magnet can be extremely challenging to be properly
integrated into a LGMS system.

(1)

3. Transport behaviors of MNPs due to “nanosize effects”

By taking non-interacting particles assumption, at magnetic
field B, the magnetophoretic force F,n, needed to induce separation
of spherical MNPs is [11,12]:

Finge = gm‘;,(M -V)B (2)

where r, and M are the radius and the magnetization (per unit vol-
ume) of the MNP, respectively. By equating the F,,q; with viscous
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Fig. 2. Magnetic field B, extended out from a cylindrical NdFeB magnet with radius
of 0.07 m and length of 0.015 m. B, is calculated by using Eq. {1).

drag force (Fyrag = 67nIp; - Umeg) experienced by a sphere [13], the
magnetophoretic velocity u,q can be calculated as

2r?
gy = g_;' (M- V)B (3)

where 7 is the viscosity of the suspending medium. For the case of
very weak magnetic field, Eq. (2) can be further simplified to {14]:

Foeg = 22 (vB)B )
Ho

where pp is the vacuum permeability, V,, is the particle volume
(V, = 4mr;,/3) and Ay is the different in magnetic susceptibility be-
tween the particle and the fluid. Eq. (4) raised an interesting obser-
vation, in which the Fqg experienced by a nanoparticle is not only
dependent on the magnetic field and field gradient but the volume
of the MNP involved is equally important. For any design purposes
which involved transport behaviors of MNP, knowing the value of
Umqg 1s vital as various transport phenomena analyses can be per-
formed [15].

Since the particle size is in nanometer range, its motion is heav-
ily influenced by thermal energy and viscous drag; hence, conven-
tional dimensionless number analysis can be very helpful to
characterize the flow behavior. Table 1 summarized some of the
useful dimensionless numbers which are familiar to the chemical
and mechanical engineers and can serve as an effective way to
rationalize the transport behavior of MNPs under magnetophore-
sis. By using the value of B and VB as shown in Fig. 2 and hydrody-
namic radius of the MNPs (Fig. 1) at 150 nm as determined by
dynamic light scattering (DLS), the Reynolds (Re), Péclet (Pe) and
Froude (Fr) numbers with respect to the separation distance x from
the pole surface of NdFeB magnet can be calculated (see Fig. 3a).
Here we used the mathematical equations presented in Table 1
for the calculation of each dimensionless number and according
to Eq. (3) the MNPs would typically having a magnetophoretic
velocity within the range of 0.5 pm/s to around 9000 pm/s. As

Fig. 1. Magnetophoretic collection of iron oxide MNPs with ~150 nm hydrodynamic radius in real time.
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Table 1

Useful dimensionless number for characterization of MNP flow behaviors under magnetophoresis.

Dimensionless number Equation® Physical interpretation
Reynolds number, Re Re = &:s_' Re defined the ratio of inertia to viscous force, as
1 Re > 1, magnetophoresis dominated

Re « 1, viscosity dominated
Péclet number, Pe Pe = &E;! Pe defined the ratio of inertia to diffusion, as

Pe >»> 1, magnetophoresis dominated

Pe « 1, diffusion dominated
Froude number, Fr Fre= % Fr defined the ratio of inertia to gravitational pulling

Fr>> 1, magnetophoresis dominated
Fr « 1, gravitational pulling dominated

* wherelis the associated characteristic length scale, and for magnetophoresis study is concerned, it is typically taking as the diameter of MNP, p is the density of MNP and
here we assumed it is purely magnetite with density of 5.2 gfcm?, D is the diffusivity of MNP and can be calculated by using Stokes-Einstein equation, and g is the acceleration

due to gravity.
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Fig. 3. Reynolds (Re), Péclet (Pe) and Froude (Fr) numbers calculated at (a) separation distance x from surface of a cylindrical NdFeB with varying B and VB values as shown in
Fig. 2 and (b) different radius of MNPs at B=0.049 Tesla and VB=6.62 Tesla/m. Broken line indicate the dimensionless number at one, so, above this point the
magnetophoretic flow of the MNP dominates viscous drag, thermal randomization and also gravitational pulling.

clearly depicted in Fig. 3a, under this setup there presents a critical
distance at around x=15mm in which magnetophoresis of a
spherical MNP dominates other disturbances, such as Brownian
motion, viscous drag and gravitational pulling. Below this separa-
tion distance, all three calculated dimensionless numbers are
greater than unity. The shaded area above the broken line in
Fig. 3a defines the effective operation region where the magne-
tophoretic collection could occur deterministically. In fact, this is
the same area in which magnetic field B decayed drastically with
respect to the separation distance x as shown in Fig. 2. The aver-
aged magnetic field gradient VB within this zone at around
54.67 Tesla/m certified the nature of this process as LGMS. Detailed
spatial resolution revealed by this dimensionless number analysis
provides useful information for the design of LGMS system.

In general, the migration of MNPs under LGMS as shown in
Fig. 1 is a complex interplay between magnetophoresis, viscous
drag and random Brownian motion in which all these phenomena
scale differently with the particle size. By taking B=0.049 Tesla
and VB=6.62 Tesla/m at critical separation distance of 15 mm,
the Reynolds (Re), Péclet (Pe) and Froude (Fr) numbers can be cal-
culated (see Fig. 3b) for MNPs with different radius. For magneto-
phoresis to play a dominant role, by having all three dimensionless
numbers to be greater than one, MNP with radius between 140 nm
and 180 nm is required. By taking the superparamagnetic size limit
of magnetite (Fe;0,4) particles at around r=17.5nm [16] gives
dimensionless number of Re = 0.0013, Pe = 0.0002 and Fr=0.0011,
respectively. These very low values of Re, Pe and Fr numbers im-
plied that the magnetophoretic motion of the MNP at this size
would be overwhelmed by viscous drag, thermal energy and also

gravitational pulling. This examination is contradicting with the
surprised results as observed by Yavuz and coworkers [1]. In di-
rectly, it has suggested the cooperative nature of the magnetopho-
resis and can also be generalized to our gbservation in Fig. 1.

At very high concentration in which the non-interacting parti-
cles assumption is not longer valid and magnetophoresis become
concentration dependent [6], Eq. (3) alone is not suffice to estimate
Umag accurately. Under this scenario, a more sophisticated mathe-
matic analysis such as the one suggested by Faraudo and Camacho
is needed to estimate the separation time by taking into account
the field induced aggregation of MNPs during the magnetophoresis
[6,17]. For cooperative magnetophoresis, it is estimated that the
recorded velocity can be 65 times higher than those predicted by
conventional method [18]. Nevertheless, the dimensionless num-
ber analysis is still an easy route to provide quick feedback for
checking the relation among important physical properties rele-
vant to magnetophoresis of MNPs under LGMS as long as the upqg
can be estimated reasonably. More importantly, it also gives a use-
ful approach to rationalize the complex interplay between the
magnetophoresis with thermal energy, Stokes drag and gravita-
tional pulling that eventually dictates the success or failure of
LGMS in harvesting MNPs.

4. MNPs for engineering applications

For environmental engineering applications are concerned,
MNP is typically being surface functionalized by macromolecules.
This step is taken to mitigate the nanotoxicity associated to its
small dimension [19], and to maintain its colloidal stability in
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suspension [20]. However, just recently our group has revealed the
conflicting role of colloidal stability in suppressing the magnetoph-
oretic separation of MNPs [21.22]. After achieved good dispersibil-
ity, the polyelectrolyte coated iron oxide MNP become extremely
difficult to be magnetophoretically separated out from its suspen-
sion even with the introduction of very high magnetic field gradi-
ent VB>1000Tesla/m [22]. This in turn would suppress the
cooperative effect as discussed in previous section and also prevent
the chaining of MNPs that ultimately contribute to the rapid mag-
netophoresis [6]. The huge time lag and low efficiency observed
might posed a serious challenge for the effective use of surface
functionalized MNPs in any applications that required rapid
separation.

It is obvious that MNPs cannot be a standalone nanoagent for
most of the water treatment technology that required good colloi-
dal stability and achieving rapid magnetophoretic separation while
maintaining its other important properties, such as high specific
surface area, catalytic activity, low nanotoxicity and etc. We antic-
ipated that MNPs need to be combined with other components to
fully realize its potential for water treatment applications. The
integration of MNPs into polymeric microcapsule can be a feasible
solution [23,24]. Other guided/self-assembly approaches, such as
magnetoliposomes [25}, pickering emulsion {26], templated-struc-
ture like silica-MNPs and activated carbon-MNPs [27,28], can also
be a viable option. For the development of next generation MNP-
enhanced nanomaterials for water treatment applications, the syn-
thesis proceduce employed should be cost effective, environmental
friendly and can produce large amount of nanomaterials within
reasonable time frame. In addition, the magnetophoretic property
should also be emphasized. This feature is necessary to ensure full
recovery of the MNPs from treated water.

5. Conclusion

A more localized usages of MNP for water treatment purpose,
such as in an on-site treatment facility, should be implemented
in order to take full advantage of its magnetophoretic property.
The idea of releasing enormous amount of MNPs into environment
for water treatment purpose and magnetophoretically re-collect-
ing this nanomaterial back is highly unrealistic. Cooperative phe-
nomenon during the MNP magnetophoresis has greatly
complicated the mathematical analysis on predicting the MNP
velocity. In addition, the contribution of colloidal stability of MNPs
toward LGMS is critical and should not be overlooked in any engi-
neering applications. Dimensionless number calculation provides a
fast and reliable analysis on the flow behavior of the MNPs under
magnetophoresis. This analysis also related important physical
properties associated to the magnetophoresis of MNPs under low
field gradient. There are still many interesting opening questions
related to magnetophoresis of MNPs {29]. More research efforts
are needed in developing a practicable guided/self-assembly ap-
proach and efficient LGMS process for full utilization of MNPs in
environmental engineering applications. ’
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Magnetic nanoparticles (MNPs) have been proposed as one of the effective tools for pollutant removal
from aqueous environment. In most of the new strategies investigated, which involved the use of MNPs,
the ability to reharvest back this nanomaterial by an externally applied magnetic field is always being
emphasized. In this short communication, we discuss the challenges associated to the magnetic separa-
tion of MNPs from its suspending media through magnetophoresis under low magnetic field gradient. We
highlight the major constraints, such as thermal energy, Stokes drag and gravitational pulling, which
influence the successful separation of MNPs from aqueous environment by low gradient magnetic sepa-
ration (LGMS). Dimensionless numbers are introduced to provide a more quantitative comparison
between the aforementioned constraints with magnetophoresis at low field gradient. Finally, we focus
our discussion on the role of (1) guided/self-assembly approaches and (2) on-site LGMS strategy as the
most practical routes of using MNP for water remediation.

®© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In last decade, we have observed a booming of research findings
on the huge potential of magnetic nanoparticles (MNPs) in remov-
ing dangerous pollutants, such as arsenic [1], heavy metals [2],
chlorinated compounds [3], and also organic dyes [4] from water
resources. One of the great advantages of this MNP based water
treatment technique is the recollection ability of MNPs, which
can be easily achieved by using a hand held permanent magnet
[1,4], after the hazardous compound was adsorbed onto the parti-
cle surfaces. The underlying principle behind this separation tech-
nique is remarkably straightforward. It relies on the simple fact
that the magnetic materials experience magnetophoretic force in
the presence of magnetic field gradients and thus these materials
can be physically separated out from the surrounding fluids by a
magnetic source. In addition, MNPs can also be employed to impart
a magnetic dipole moment to biological cells, through immobiliza-
tion on the cell surfaces, which subsequently leading to magne-
tophoretic separation of biological substances |5].

The rapid magnetophoretic separation of MNPs under low
magnetic field gradient (VB < 100 Tesla/m), as observed by others
is very likely through field-induced reversible aggregation of

¥ Corresponding author at: School of Chemical Engineering, Engineering Campus,
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particles [6]. Under this scenario, the particle clusters formed
would migrate to the region where the magnetic field gradient is
the highest. Along its migration pathway, the moving MNP clusters
collide with each other and integrated into larger aggregates with
higher magnetophoretic velocity [6.7]. This mechanism is the key
factor for successful separation of MNPs in real time and revealed
the opportunity for the implementation of low gradient magnetic
separation (LGMS) for engineering applications.

In contrast to conventional industry practice in which high gra-
dient magnetic separation (HGMS) is normally being employed,
the design rules for LGMS is ill-defined and poorly understood.
Moreover, the key parameters involved for implementation of
LGMS in water treatment technology are also not being fully ex-
plored yet. Recently, Mandel and Hutter have briefly discussed
the problems related to MNPs separation [8]. They raised an inter-
esting point in which the use of ferrofluid as a nanoemulsion pro-
vides better alternative for water treatment purpose compared to
easily agglomerated MNP suspension. However, the liquid-liquid
intertace between the nanoemulsion and the aqueous media can
be the major barrier toward the full realization of this noble idea.
Nevertheless, the key question here is how the nanosized magnetic
particles can be used effectively for water treatment, and more
importantly, the recollection of these particles from their suspen-
sion. It is the purpose of this paper to illustrate some general rule
of thumbs related to the separation of MNPs under low field
gradient.
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2. Underlying problems associated to LGMS

It is often being illustrated that by introduction of a magnetic
field, the separation of MNPs from aqueous environment can be
made possible in real time as shown in Fig. 1. Even though, the sep-
aration time involved is very feasible for practical usages at lab
scale, the possibility for this kind of setup to be fully implemented
for water treatment purposes is as good as none. By taking the
example of a cylindrical NdFeB magnet, the magnetic field By along
its symmetry axis as a function of the distance x away from the
magnet pole face can be estimated quite accurately by following
equation [9]:

szi x+L X (1)

4 \/(I.+x)2+1'i'2 Va2 + R

where R is the radius of the cylinder, L is the length of the cylinder,
B is the remanence or residual induction of the magnetic material.
For a grade N50 NdFeB, B, is about 1.45 Tesla. This calculated B, has
a very good match with experimentally measured results [10] and
for the permanent magnet shown in Fig. 1, with a dimension of
R=0.7 cm and L=1.5cm, its magnetic field B, decay rapidly from
the magnet pole face (Fig. 2). Once, the MNPs has been released into
environment for water treatment purposes, there is no such magnet
or magnetic separation devices/strategies can be employed to cope
with the length scale involved, up to kilometers, in re-harvesting
them back. For an example, according to Eq. {1}, in order to generate
an appropriate field gradient to achieve LGMS at separation dis-
tance of 1 km (x = 1000 m) would require a cylindrical NdFeB mag-
net (at the same aspect ratio of the magnet shown in Fig. 1) with
radius of 140 m and length of 300 m.

This analogy bring out an important message in which for any
in situ water treatment technology that involved the usages of
MNPs, it is misleading to emphasize on its magnetic separation.
Once being released into the environment there is no way for
MNPs to be re-harvested back, at least not by magnetic separation.
Thus, it is more appropriate for the implementation of MNPs under
the setting of a on-site treatment facility. Under this context, the
application of LGMS as a downstream separation unit can be both
economical and technological feasible [5]. For engineering applica-
tion, the (a) inhomogeneous field gradient and (b) complex distri-
bution of magnetic field lines in three dimensional space of a
permanent magnet can be extremely challenging to be properly
integrated into a LGMS system.

3. Transport behaviors of MNPs due to “nanosize effects”

By taking non-interacting particles assumption, at magnetic
field B, the magnetophoretic force Fynqg needed to induce separation
of spherical MNPs is [11,12]:

Fmﬂg = %nrzt(M 1 V)B (2)

where r, and M are the radius and the magnetization (per unit vol-
ume) of the MNP, respectively. By equating the Fp, with viscous
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Fig. 2. Magnetic field B, extended out from a cylindrical NdFeB magnet with radius
of 0.07 m and length of 0.015 m. B, is calculated by using Eq. {1).

drag force (Fyrag = 61Ny - Umag) €xperienced by a sphere |13], the
magnetophoretic velocity um.g can be calculated as

limag = ~B% (M- V)B 3
rrmg—g_}] 3

where 7 is the viscosity of the suspending medium. For the case of
very weak magnetic field, Eq. (2} can be further simplified to [14]:

AxV,y
Ho

where pg is the vacuum permeability, V,, is the particle volume
(Vo= 4nr‘3,‘/3) and Ay is the different in magnetic susceptibility be-
tween the particle and the fluid. Eq. (4) raised an interesting obser-
vation, in which the F,,,¢ experienced by a nanoparticle is not only
dependent on the magnetic field and field gradient but the volume
of the MNP involved is equally important. For any design purposes
which involved transport behaviors of MNP, knowing the value of
Umag IS vital as various transport phenomena analyses can be per-
formed [15].

Since the particle size is in nanometer range, its motion is heav-
ily influenced by thermal energy and viscous drag; hence, conven-
tional dimensionless number analysis can be very helpful to
characterize the flow behavior. Table 1 summarized some of the
useful dimensionless numbers which are familiar to the chemical
and mechanical engineers and can serve as an effective way to
rationalize the transport behavior of MNPs under magnetophore-
sis. By using the value of B and VB as shown in Fig. 2 and hydrody-
namic radius of the MNPs (Fig. 1) at 150 nm as determined by
dynamic light scattering (DLS), the Reynolds (Re), Péclet (Pe) and
Froude (Fr) numbers with respect to the separation distance x from
the pole surface of NdFeB magnet can be calculated (see Fig. 3a).
Here we used the mathematical equations presented in Table 1
for the calculation of each dimensionless number and according
to Eq. (3) the MNPs would typically having a magnetophoretic
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-velocity within the range of 0.5 pmfs to around 9000 pum/s. As
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Fig. 1. Magnetophoretic collection of iron oxide MNPs with ~150 nm hydrodynamic radius in real time.
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Table 1

Useful dimensionless number for characterization of MNP flow behaviors under magnetophoresis.

Dimensionless number Equation® Physical interpretation
Reynolds number, Re Re = Lumal Re defined the ratio of inertia to viscous force, as
g Re > 1, magnetophoresis dominated

Re « 1, viscosity dominated
Péclet number, Pe Pe = "_-E;_J Pe defined the ratio of inertia to diffusion, as

Pe >> 1, magnetophoresis dominated

Pe « 1, diffusion dominated
Froude number, Fr Fr= % Fr defined the ratio of inertia to gravitational pulling

Fr» 1, magnetophoresis dominated
Fr < 1, gravitational pulling dominated

2 where I is the associated characteristic length scale, and for magnetophoresis study is concerned, it is typically taking as the diameter of MNP, p is the density of MNP and
here we assumed it is purely magnetite with density of 5.2 gfcm?, D is the diffusivity of MNP and can be calculated by using Stokes-Einstein equation, and g is the acceleration

due to gravity.
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Fig. 3. Reynolds (Re), Péclet (Pe) and Froude (Fr) numbers calculated at (a) separation distance x from surface of a cylindrical NdFeB with varying B and VB values as shown in
Fig. 2 and (b) different radius of MNPs at B=0.049Tesla and VB=6.62 Tesla/m. Broken line indicate the dimensionless number at one, so, above this point the
magnetophoretic flow of the MNP dominates viscous drag, thermal randomization and also gravitational pulling.

clearly depicted in Fig. 3a, under this setup there presents a critical
distance at around x=15mm in which magnetophoresis of a
spherical MNP dominates other disturbances, such as Brownian
motion, viscous drag and gravitational pulling. Below this separa-
tion distance, all three calculated dimensionless numbers are
greater than unity. The shaded area above the broken line in
Fig. 3a defines the effective operation region where the magne-
tophoretic collection could occur deterministically. In fact, this is
the same area in which magnetic field B decayed drastically with
respect to the separation distance x as shown in Fig. 2. The aver-
aged magnetic field gradient VB within this zone at around
54.67 Tesla/m certified the nature of this process as LGMS. Detailed
spatial resolution revealed by this dimensionless number analysis
provides useful information for the design of LGMS system.

In general, the migration of MNPs under LGMS as shown in
Fig. 1 is a complex interplay between magnetophoresis, viscous
drag and random Brownian motion in which all these phenomena
scale differently with the particle size. By taking B=0.049 Tesla
and VB=6.62 Tesla/m at critical separation distance of 15 mm,
the Reynolds (Re), Péclet (Pe) and Froude (Fr) numbers can be cal-
culated (see Fig. 3b) for MNPs with different radius. For magneto-
phoresis to play a dominant role, by having all three dimensionless
numbers to be greater than one, MNP with radius between 140 nm
and 180 nm is required. By taking the superparamagnetic size limit
of magnetite (Fe304) particles at around r=17.5nm [16] gives
dimensionless number of Re = 0.0013, Pe = 0.0002 and Fr = 0.0011,
respectively. These very low values of Re, Pe and Fr numbers im-
plied that the magnetophoretic motion of the MNP at this size
would be overwhelmed by viscous drag, thermal energy and also

gravitational pulling. This examination is contradicting with the
surprised results as observed by Yavuz and coworkers [1]. In di-
rectly, it has suggested the cooperative nature of the magnetopho-
resis and can also be generalized to our observation in Fig. 1.

At very high concentration in which the non-interacting parti-
cles assumption is not longer valid and magnetophoresis become
concentration dependent [6], Eq. (3) alone is not suffice to estimate
Umqg accurately. Under this scenario, a more sophisticated mathe-
matic analysis such as the one suggested by Faraudo and Camacho
is needed to estimate the separation time by taking into account
the field induced aggregation of MNPs during the magnetophoresis
[6,17]. For cooperative magnetophoresis, it is estimated that the
recorded velocity can be 65 times higher than those predicted by
conventional method [18]. Nevertheless, the dimensionless num-
ber analysis is still an easy route to provide quick feedback for
checking the relation among important physical properties rele-
vant to magnetophoresis of MNPs under LGMS as long as the Umqg
can be estimated reasonably. More importantly, it also gives a use-
ful approach to rationalize the complex interplay between the
magnetophoresis with thermal energy, Stokes drag and gravita-
tional pulling that eventually dictates the success or failure of
LGMS in harvesting MNPs.

4. MNPs for engineering applications

For environmental engineering applications are concerned,
MNP is typically being surface functionalized by macromolecules.
This step is taken to mitigate the nanotoxicity associated to its
small dimension [19], and to maintain its colloidal stability in
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suspension {20]. However, just recently our group has revealed the
conflicting role of colloidal stability in suppressing the magnetoph-
oretic separation of MNPs {21.22]. After achieved good dispersibil-
ity, the polyelectrolyte coated iron oxide MNP become extremely
difficult to be magnetophoretically separated out from its suspen-
sion even with the introduction of very high magnetic field gradi-
ent VB> 1000 Tesla/m [22]. This in turn would suppress the
cooperative effect as discussed in previous section and also prevent
the chaining of MNPs that ultimately contribute to the rapid mag-
netophoresis [6]. The huge time lag and low efficiency observed
might posed a serious challenge for the effective use of surface
functionalized MNPs in any applications that required rapid
separation.

It is obvious that MNPs cannot be a standalone nanoagent for
most of the water treatment technology that required good colloi-
dal stability and achieving rapid magnetophoretic separation while
maintaining its other important properties, such as high specific
surface area, catalytic activity, low nanotoxicity and etc. We antic-
ipated that MNPs need to be combined with other components to
fully realize its potential for water treatment applications. The
integration of MNPs into polymeric microcapsule can be a feasible
solution [23,24]. Other guided/self-assembly approaches, such as
magnetoliposomes [25], pickering emulsion [26], templated-struc-
ture like silica-MNPs and activated carbon-MNPs [27,28], can also
be a viable option. For the development of next generation MNP-
enhanced nanomaterials for water Uedaltinent applicdations, the syn-
thesis proceduce employed should be cost effective, environmental
friendly and can produce large amount of nanomaterials within
reasonable time frame. In addition, the magnetophoretic property
should also be emphasized. This feature is necessary to ensure full
recovery of the MNPs from treated water.

5. Conclusion

A more localized usages of MNP for water treatment purpose,
such as in an on-site treatment facility, should be implemented
in order to take full advantage of its magnetophoretic property.
The idea of releasing enormous amount of MNPs into environment
for water treatment purpose and magnetophoretically re-collect-
ing this nanomaterial back is highly unrealistic. Cooperative phe-
nomenon during the MNP magnetophoresis has greatly
complicated the mathematical analysis on predicting the MNP
velocity. In addition, the contribution of colloidal stability of MNPs
toward LGMS is critical and should not be overlooked in any engi-
neering applications. Dimensionless number calculation provides a
fast and reliable analysis on the flow behavior of the MNPs under
magnetophoresis. This analysis also related important physical
properties associated to the magnetophoresis of MNPs under low
field gradient. There are still many interesting opening questions
related to magnetophoresis of MNPs [29]. More research efforts
are needed in developing a practicable guided/self-assembly ap-
proach and efficient LGMS process for full utilization of MNPs in
environmental engineering applications.
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Successful application of a magnetophoretic separation technique for harvesting biological cells often
relies on the need to tag the cells with magnetic nanoparticles. This study investigates the underlying
principle behind the attachment of iron oxide nanoparticles (IONPs) onto microalgal cells, Chlorella sp.
and Nannochloropsis sp., in both freshwater and seawater, by taking into account the contributions of
various colloidal forces involved. The complex interplay between van der Waals (vdW), electrostatic (ES)
and Lewis acid—base interactions (AB) in dictating IONP attachment was studied under the framework of
extended Derjaguin—Landau-Verwey—Overbeek (XDLVO) analysis. Our results showed that ES interaction
plays an important role in determining the net interaction between the Chlorella sp. cells and IONPs in
freshwater, while the AB and vdW interactions play a more dominant role in dictating the net particle-to-
cell interaction in high ionic strength media (=100 mM NaCl), such as seawater. XDLVO predicted
effective attachment between cells and surface functionalized IONPs (SF-IONPs) with an estimated sec-
ondary minimum of —3.12 KT in freshwater. This prediction is in accordance with the experimental obser-
vation in which 98.89% of cells can be magnetophoretically separated from freshwater with SF-IONPs.
We have observed successful magnetophoretic separation of microalgal cells from freshwater and/or sea-
water for all the cases as long as XDLVO analysis predicts particle attachment. For both the conditions, no
pH adjustment is required for particle-to-cell attachment.
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1 Introduction

Given the current state of energy crisis, the recovery of micro-
" algae biomass is crucial because it can serve as a sustainable
alternative for the production of biofuel."”* In this regard, mag-
netophoretic separation has been developed as an effective
downstream separation technique to harvest microalgal
biomass from aqueous environments.*”” The origin of this
idea can be traced back to 1970s, when this method was
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t Electronic supplementary information (ESI) available: Table $1: Contact angle

measurements. Table $2: Surface energy components of the liquids. Fig. 51:
Microscopy images of Chlorella sp. cells trapped inside the bare-IONP floccu-
lated matrix. Fig. $2-53: TEM micrograph shows the relative size of IONPs to
Chlorella sp. cells and the internalization of SF-IONPs into Chlorella sp. cells
after effective attachment. Fig. S4: XDLVO diagram of the interaction between
Chlorella sp. cells and SF-IONPs in freshwater and seawater. Fig. §5: Zeta poten-
tial of Chlorella sp. and SF-IONPs with respect to NaCl concentration. Fig. S6:
Detachment efficiency of Chlorella sp. cells from SF-IONP-attached cell biomass
in different concentrations of NaCl. Fig. $7: pH of the Chlorella sp. culture
medium as a funetion of days. Fig. §8: Zeta potentials of Chlorella sp., bare-
IONPs and SF-IONPs as a function of pH. Fig. 59: XDLVO diagram of Chlorella
sp. interacting with SF-IONPs in pH 11 of 1 mM NaCl medium. Fig. §10:
Microscopy images showed the attachment of particles to the marine species
Nannochloropsis sp. Fig. S11: Cell separation efficiency of Chlorella sp. with
different dosages of bare-TONPs. See DOI: 10.1039/cAnr03121k
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applied for environmental engineering applications in remov-
ing microalgae that plagued fresh water lakes and caused
eutrophication.® Compared to the more conventional separ-
ation technologies, magnetophoretic separation shows remark-
able potential for the harvesting of microalgal cells because
this technique has (1) high throughput, (2) low operational
cost, (3) less energy intensive, (4) high separation efficiency,
and (5) flexible for implementation and scalability.*'%"!

The underlying working principle for the magnetophoretic
separation technique is straightforward. It centers on the need
to tag non-magnetic microalgal cells with iron oxide nano-
particles (IONPs).>”'*1* Later, the tagged biomass are exposed
to an externally applied magnetic field to achieve its separation

This journal is © The Royal Scciety of Chemistry 2014
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from the surrounding media. Hence, the ability to predict the
success or failure of magnetic nanomaterial attachment onto
the microalgal cell surface is crucial for the implementation of
this technology. From the seminal work of Xu and coworkers,
adsorption isotherm analysis has been employed to miake
accurate yet simple estimation of the binding affinity and also
the adsorption capacity of IONPs onto microalgae.® To verify
the nature of interactions involved between the IONPs and
microalgal cells, it is necessary to further identify the main
driving factor behind this adsorption process.

So far, the attachment of IONPs onto microalgal cells can
be promoted through the presence of macromolecules as a
binding agent. Numerous macromolecules, such as chitosan,
polyethylenimine, poly(diallyldimethylammonium chloride)
etc.,”'""'*'* have been employed and shown remarkable capa-
bility to bind the IONPs onto the negatively charged microalgal
cells. For freshwater species, the nature of interactions
between the nanoparticles and microalgal cells is very likely
dominated by electrostatic interaction.’*** With respect to
marine species, the magnetophoretic technique works equally
well with a separation efficiency of more than 90%.° Suppo-
sedly, the ionic stress induced by the high salt concentration
in seawater would cause retardation and inhibit the electro-
static (ES) attraction between the cells and IONPs." Under this
circumstance, bridging flocculation can be important, but in
the absence of extracellular polymeric substances on the
microalgae surface, there exists some existing experimental evi-
dence against this possibility.'® By excluding both the ES and
bridging effects, van der Waals (vdW) interaction should play a
more pronounced role in promoting attachment of the IONPs
onto marine microalgal cells. Moreover, since microalgae are
considered hydrophilic bio-colloids due to their natural
surface properties,’” we may need to account for Lewis acid-
based interactions in the entire adsorption mechanism.'* It is
the aim of this study to investigate the complex interplay of
the aforementioned interactions in dictating the attachment of
IONPs on microalgal cells.

The present study is dedicated to identifying the colloidal
interactions involved in determining the successful attach-
ment of IONPs onto microalgal cells. Experimentally we
verified the attachment of IONPs by checking the magneto-
phoretic responsiveness of the tagged cells and direct visual-
ization through optical microscopy. Electrophoretic mobility
measurements were used to provide information on the
surface charge of IONPs before and after their surface
functionalization and also for microalgal cells. By employing
Chlorella sp. as a model system, we investigated the attach-
ment efficiency of IONPs onto this cell line within both fresh-
water and seawater. Extended Derjaguin-Landau-Verwey-
Overbeek (XDLVO) theory, which takes into account the contri-
bution of vdW, ES and the Lewis acid-base (AB) interaction,
was employed to rationalize the colloidal interactions involved
inparticle-microalgae interactions. Here, XDLVO analysis can
be a clear-cut method to provide guidance in predicting the
success or failure of IONP attachment onto microalgal cells,
which further leads to the effective implementation of magne-
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tophoretic separation. A marine species, Nannochloropsis sp.,
was employed to further confirm the reliability of the XDLVO
prediction.

2 Experimental section
2.1 Materials

Bare iron oxide magnetic nanoparticles (bare-IONPs) with
diameters at around 20-30 nm were obtained from Nanostruc-
tured & Amorphous Materials, Inc. The 35 wt% very low mole-
cular weight poly(diallyldimethylammonium chloride) (PDDA)
in water with molecular weight, M,, < 100 000 g mol™" was sup-
plied by Sigma-Aldrich, Inc. Hydrochloric acid was purchased
from PC Laboratory Reagents. The sodium hydroxide pellet
and sodium chloride were supplied by MERCK & Co., Inc.
Deionised water was obtained by reverse osmosis and further
treated by the Milli-Q Plus system (Lillipore) to 18 MQ c¢m
resistivity.

2.2 Culture, preparation and characterization of Chlorella sp.
and Nannochloropsis sp. cells

The Chlorella sp. and Nannochloropsis sp. strains were
obtained from the School of Biological Sciences, Universiti
Sains, Malaysia. The Chlorella sp. was cultivated in 250 ml
Bold's Basal Medium (BBM), while the Nannochloropsis sp. was
cultivated in 250 ml Conway medium. Both cultures were
maintained under continuous illumination at 2000 lux and
25 °C. The media and flasks were autoclaved at temperature
121 °C for 15 minutes before cell cultivation. Continuous aera-
tion was provided for the culture medium throughout the cul-
tivation period. In this study, cell density of Chlorella sp. was
maintained at around 3 x 107 cells ml™ (after 10 culturing
days) for all experiments. For subsequent experiments, the
cells were collected through centrifugation and redispersed in
deionized water multiple times to exclude the present of
growth media. Later, the concentrated biomass was then re-
dispersed into the desired medium (with different pH and
ionic strength) as planned for experiments. For Nannochlorop-
sis sp., the removal experiment was conducted right after 7
culture days to ensure the same cell density has been achieved
similar to Chlorella sp. Cell numbers were determined by
using a heamocytometer, while the size of cells was measured
microscopically using Image Analysis Software. The average
size of cells was calculated from 500 measurements.’® The pH
was measured by Eutech CyberScan pH 1500. The zeta poten-
tial of the microalgae was calculated based upon the
Helmholtz-Smoluchowski limit using a Malvern Zetasizer.

2.3 Preparation and characterization of surface
functionalized iron oxide nanoparticles (SF-IONPs)

The “attached-to” approach was employed to achieve attach-
ment between the IONPs and cells.'® The bare-IONPs were dis-
persed in deionized water and sonicated to achieve good
dispersion at 1 g L™'. PDDA was dispersed in deionized water
(17 g L") and stirred (500 rpm) for 1 day to achieve complete
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*dissolution. Then the bare-IONPs dispersion was added to the
macromolecule solution, and the entire mixture was sonicated
in a low power bath sonicator (40 kHz) to avoid degradation of
the molecular structure.!® This solution was then left on an
end-to-end rotating mixer at 40 rpm overnight. After this
surface modification step, a permanent magnet was used to
collect the surface functionalized IONPs (SF-IONPs). The
supernatant was discarded, while the SF-IONPs were again dis-
persed in deionized water. The electrophoretic mobility of
bare-IONPs and SF-IONPs in different media of differing pH
and ijonic strength were measured using the Malvern Instru-
ments Nanosizer. Unless otherwise stated, the zeta potentials
of the bare-IONPs and SF-IONPs were then calculated based
upon the Helmholtz-Smoluchowski limit.

2.4 Low gradient magnetic separation (LGMS)

For every separation study, 300 mg L™ of bare-IONPs/SF-IONPs
were added into cell medium to ensure an excess supply of
particles. A total of 2 ml of 1.5 g L™ particles, either bare-
IONPs or SF-IONPs, was added to 8 ml cell medium followed
with simple mixing for 30 seconds to ensure uniform mixing
and dispersion. The mixture was left for another 30 seconds
before use for the magnetophoretic separation study. Magneto-
phoretic separation ot Chlorella sp. was carried under low gra-
dient magnetic separation (LGMS) for 6 minutes. A N50-
graded NdFeB permanent magnet was used to induce an
inhomogeneous magnetic field with field gradient V8 < 80 T
m~".? The absorbance of the cell was measured spectrophoto-
metrically by a UVmini-1240 Shimadzu at the wavelength of
660 nm (measured by Agilent Technologies Carry 60 UV-Vis).
The cell separation efficiency was determined as:

I = I(t)

x 100%
In— Icen[rifuged

Cell separation efficiency (%) = (1)
where I, represents the initial absorbance intensity of the
microalgae suspension after dilution with 2 ml deionized

water, I(t) represents the absorbance intensity of the micro-
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algae suspension during magnetophoretic separation at time £,
and the Ienyifugea Tepresents the clear sample after centrifu-
gation with the same dilution factor.

2.5 Contact angle measurement

The surface free energy of the microalgal cells and the bare-
IONPs/SF-IONPs were determined by contact angle measure-
ments. These contact angles were measured by using a contact
angle goniometer (Rame-Hart Instrument Co.). Microalgal
cells were pre-concentrated by centrifugation at 2500g for
4 minutes. A flat layer of cells was deposited on agar to stabil-
ize the cell moisture content.?® The flat surface of bare-IONPs
was obtained by mechanically compressing the powder into
pellets.?’ The concentrated solutions of SF-IONPs were de-
posited onto glass slides to form completely covered flat sur-
faces and dried at room temperature. Measurements were
performed with two polar liquids (water and glycerol) and an
apolar liquid (1-bromonaphthalene). The contact angle
measurements were carried out by a sessile drop technique,
and the readings were averaged from three replicate
measurements.'®

3 Results and discussion

3.1 Particle-microalgae interaction in freshwater and
seawater

Magnetophoretic separation of microalgae from freshwater
medium has proven to be feasible in previous studies.®'* We
hypothesized that the effective attachment of iron oxide nano-
particles (IONPs) onto the surface of Chlorella sp. is mediated
by electrostatic (ES) attraction.'>'® A similar model system is
employed in this study to further identify the actual contri-
bution of the interactions involved. Fig. 1 shows that the bare
iron oxide nanoparticles (bare-IONPs) do not adhere onto
Chlorella sp. cells in freshwater. Only about 2.68% of cells were
removed magnetophoretically with most of the cells entrapped

Chilorella sp.

Freshwater
PN

Seawater

Fig. 1 Optical micrographs showing the degree of attachment for both bare- and SF-IONPs onto Chlorella sp. cells in freshwater and seawater. For
bare-IONPs, under both aqueous environments, the particles aggregated extensively to form large clusters with no hint of attachment (dark ring
around the cells) on the cell. Whereas for the case of SF-IONPs, the black arrow pointing toward the dark area indicates the presence of particles on
the cell surface in freshwater. However, there is no clear indication showing the attachment of SF-IONPs onto microalgal cells in seawater. The
bottom left corner of each micrograph shows a photo depicting the microalgae suspension after going through magnetophoretic separation. Use of
bare-IONPs resulted in minimum magnetophoretic separation efficiencies of 2.68% and 0% for freshwater and seawater, respectively. There is also
no clear cell separation for the case of SF-IONPs in seawater, but this particle is proven to be an effective tagging agent for promoting the magneto-
phoretic separation of microalgal cells in freshwater with a 98.89% separation efficiency.

12840 | Nanoscale, 2014, 6, 12838-12848 This journial is € The Royal Scciety of Chemistry 2014
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Table 1 Details on the zeta-potential of each surface when dispersed
in different media conditions together with pH

Conditions

Fresh medium pH Surface Zeta-potential (mV)

Freshwater 6.58 Chlorella sp. =27.8+5.5
Bare-1ONPs —30.4 +4.9
SF-IOPNs 25.2+4.7

Seawater 6.32 Chlorella sp. -9.1+0.3
Bare-IONPs 3.84+1.0
SF-IOPNs 4.95 £ 0.6

within the flocculated nanoparticle matrix (see ESI Fig. S17).
On the other hand, the surface functionalized iron oxide nano-
particles (SF-IONPs) are very likely to attach onto cell surfaces
in freshwater condition, judging from the fact that a dark ring
formed around most of the microalgal cells (arrow pointed
area in Fig. 1). A cell separation efficiency as high as 98.89%
was recorded with a particle dosage of 0.84 g per 1 g of dry
biomass. This observation also serves as indirect confirmation
of our speculation about the successful magnetic seeding of
microalgal cells by SF-IONPs. By referring to Table 1, the
surface charge of cells and bare-IONPs are similar, while the
SF-IONPs have an opposite charge to the cells. These measure-
ments have verified that the electrostatic (ES) interaction
causes the cells and SF-IONPs to attract while it causes the
cells and bare-IONPs to repel each other.

In seawater, both the bare-IONPs and SF-IONPs do not
attach onto the cells (Fig. 1). As a consequence, there is no cell
collection that can be detected optically. Table 1 shows that
the surface charge of the cells and nanoparticles are sup-
pressed to very low values compared to those in freshwater
conditions. Typical seawater contains various types of dis-
solved salt, mainly Na' and CI~ ions. The ionic strength of sea-
water is approximately 700 mM.>* Hence, we hypothesized that
the high ionic strength of seawater causes strong Deybe screen-
ing and weakens the electrostatic-repulsion between the
particles. The particles aggregate extensively before their
attachment onto the cells. Large aggregates found in seawater,
as illustrated in Fig. 1, strongly support our hypothesis.

In classical DLVO analysis, the total interaction potential
(Ubivo) between two colloidal particles is described as a
balance between the van der Waals (U,w) and ES (Ugs)
interactions

Uptvo = Uvaw + Ugs (2)
in which the extent of ES interaction depends on the surface
charge/zeta potential of the interacting particles, and it can be
attractive or repulsive.

In this study, due to the huge size mismatch between the
IONPs and the microalgal cells (see ESI Fig. S27), where the
mean size of Chlorella sp. cells is 3.45 pm and is far larger
than the IONPs with a diameter at around 25 nm, the surface
of the cell is assumed to be flat with respect to the spherical
IONPs. Under this scenario, the surface curvature of cell is

This journal is € The Royal Society of Chemnistry 2014

View Article Online

Paper
(Cell Bare-IONPs SF-IONPs
: P \} o
.: : R “\
—  — e
8221,

Fig. 2 Schematic illustration of a microalgal cell interacting with either
a bare-IONPs (left) and SF-IONPs (right). Due to the large size mismatch
between these two entities, we simplified our analysis to sphere—plane
interaction. In this diagram, d represents the surface-to-surface separ-
ation distance between the cell and particle, R is the particle radius, § is
the thickness of the polymer adlayer coated on the IONP surface. All the
symbols are in accordance to the parameters used in our analysis.

negligible with respect to the high curvature of nano-sized
IONPs. The Lifshitz-van der Waals equation for sphere-plane
configuration is applied® as a function of separation distance,
d:

fﬁ]n d
6 d+ 2R

Here d is the surface-to-surface separation distance between
the cell and the IONP (Fig. 2); A represents the effective
Hamaker constant; and R is the radius of the IONP. The
Hamaker constant of each surface was estimated by contact
angle measurement (see ESI Table S17) with the use of at least
three different liquids (polar or apolar), of which two must be
polar liquids (see ESI Table 521).>"*® The Hamalker constant of
material {, A; is proportional to the vdW component of the
material surface tension, 7", and can be defined as follows:**

(4)

where d, is the minimum equilibrium distance between two
condensed-phase surfaces (d, = 0.657 + 0.01 nm).*® The y*V
can then be determined by using the Young's equation
(Table 2):*7

(3)

AR |1 1
Uyw = — E [— ]

6 |d d+2Rr|

A; = 24rdo®y™Y

(1+cosO)y, = 2(\/ i \/ rSYe + \/ r'éir'f.’) (5)
where y is surface tension, mJ m™%; ¥® is the electron-acceptor
parameter of the polar surface tension component, while y© is
the electron-donor parameter of the polar surface tension com-
ponent; and the subscripts S and L stand for the solid and
liquid, respectively.

The effective Hamaker constant, A.; is the combined
relationship between different materials that contributes to
the vdW body-body interaction. The A.; of interaction
between materials 1 and 3 separated by medium 2 can be
defined as:*®

At = A1z = (VA1 — VAn) (VAs ~ Vi) (6)

According to this definition, for two colloidal particles sus-
pended in liquid, the vdW interaction can be either attractive
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*Table 2 Surface energy and Interfacial energy involved for the calculation of Lewis acid—base interaction. Subscript iw implies the interfacial
energy of surface i in water and iwi implies the interfacial energy of surface i to surface i in water

Surface energy (mJ m™?)

Interfacial energy (mJ m™?)

Surface, i 7 ™ 7" o ° AGy, AGu"
Chlorella sp. 75.0 22.2 52.8 4.8 145.1 —188 80 -
Barc-1ONPs 48.1 44.0 4.2 0.06 74.2 —-151 69
SF-IONPs 45.31 43.5 1.81 0.01 744 —-150 71
Nannochloropsis sp. 40.0 26.2 13.8 0.65 73.3 -142 60

or repulsive.?’ The calculated A between the Chlorella sp.
cells and the bare-IONPs and SF-IONPs are 2.86 x 1072! ] and
2.81 x 10~ J respectively.

ES interaction between a charged plane and a charged
sphere is modeled as:**

] 2 2‘: 1 + e_xd -
Ues = neR'(61% + &%) [glzsf;zz InT—g+In(1-e xd)] 7)

where £ is the zeta potential; x is the Debye-Hiickel parameter;
and the ¢ represents the permittivity of the medium, where ¢ =
&r£0. The permittivity of free space, &, is 8.854 x 1072 F m™.
In the case of SF-IONPs, R’ = R + § where & is the adlayer thick-
ness, which is determined at 4.85 nm."*

According to the classical DLVO analysis under freshwater
conditions (Fig. 3a), the ES interaction between differently
charged cells and SF-IONPs enables effective particle-to-cell
linkage as evident from the net attractive interaction. Interest-
ingly, we observed particle internalization into the cells for the
case of SF-TONPs.'? This process most likely happens through
the membrane deformation caused by reorganization of the
lipid bilayer when the nanoparticles successfully attach on the
cell surface (see ESI Fig. S3t). This observation is in accord-
ance with the optical micrograph shown in Fig. 1. However, for
the bare-IONPs, the energy barrier with the Chlorella sp. cell is
more than 10 kT and prohibits the attachment of particles. In
seawater, the classical DLVO theory (Fig. 3b) predicts the bare-
IONPs and SF-IONPs are always ready to attach on the cell

(@) 45 rerspeeey ®) 5 e et L
Freshwater Seawater

10 3 10F 3

—~ sF 3 s 3

g g -
o0 9 Of—
K 3 f ¢

b= TS ki 3 =S H 3

o —— Bare-lONPs ] 0F : —— Bare-IONPs

H ---- SF-IONPs H ---- SF-IONPs ]

.15 N 3. i 1 RT3 ol 1 1 \ r

0 10 20 30 40 50 0 10 220 30 40 50
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Fig. 3 Classical DLVO profiles for the interaction between Chlorella sp.
cells and bare-IONPs/SF-IONPs in (a) freshwater and (b) seawater with
the overall interacting potential Upwyo plotted for both species of IONPs
used.
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surface promoted by the attractive vdW force. However, we
observed no separation of microalgal cells for both species of
nanoparticles (Fig. 1). Even though the rapid aggregation of
particles might be the dominant factor causing poor separ-
ation efficiency, from the optical microscopy observation we
have also failed to detect any hint of particle attachment. This
in turn has indirectly suggested that the classical DLVO ana-
lysis is insufficient to provide useful prediction related to
particle attachment within our experimental conditions.

3.2 XDLVO considerations

From the existing literature, there are a number of studies
emphasizing the need to include polar interactions into the
analysis involving biological cells.'**#?*?7 Since microalgal
cells are also a hydrophilic biocolloid due to their natural
surface properties, where the outer cell membrane is made up
of the hydrophilic end of the phospholipid layer,”"*’ the polar
interaction based on electron acceptor-electron donor (Lewis
acid-base, AB) interactions may be important. In this context,
the AB interaction can be up to two orders of magnitude
higher than those commonly encountered among the com-
ponents of the traditional DLVO energy balance.*® In addition
complexity may arise as the changes in the ionic strength of
culture media would suppress the electric double layer and
therefore retard the ES interaction. This condition will become
more pronounced in seawater culture with the complex ionic
environment. As such, a more physically sound analysis taking
into account the AB interaction might be necessary, and this
new physicochemical approach, which takes into account con-
tributions other than vdW and ES interactions, is known as
the extended DLVO (XDLVO) analysis.

In this study, the van Oss-Chaudhury-Good (OCG) thermo-
dynamic approach is used to determine the AB interaction.?*
Table 2 shows that the Chlorella sp., bare-IONPs and SF-IONPs
are strongly hydrophilic since their y® values are larger than
that of the water, while their y® values are far less than that of
water, where ¥@ = @ = 25.5 mJ m™2 for water. A larger y®
surface exhibits strong affinity to water molecules via the for-
mation of hydrogen bonds. The Chlorella sp., bare-IONPs and
SF-IONPs tend to bind water strongly with free energies in the
range of —140 to —190 mJ m~2, which are stronger than the
hydrogen-bonding energy of water (—102 mJ m2).>*° When
these hydrophilic cells/particles disperse in water, they experi-
ence hydrophilic repulsion with an AB interfacial interaction

This journal is © The Royal Society of Chemistry 2014
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energy greater than zero (AG;,*® > 0). This interfacial inter-
action energy is defined as:

AG " = 4(\/ e+ \/ 1T~ \/ o — y;-:;r;:i‘) (8)

AG;,*® decreases in the order of Chlorella sp. > SF-IONPs >
bare-IONPs, at 80, 71 and 69 mJ m™? respectively.*>?” After
cells and bare-IONPs/SF-IONPs are mixed in water, both sur-
faces experience hydrophilic repulsion with respect to each
other. The AG,,"" for the configuration of Chlorella sp. cells
and bare-IONPs is 87.7 m] m™2, and for cells interacting with

-2

SF-IONPs, it is 89.6 m] m™".

AGu;"® :2( YErs +17rs v + 18y
—2vrir — 17—y, rf’r?)

From the above point of view, the AB interaction should be
included in the XDLVO analysis:

(9)

Uxprvo = Uyaw + Ugs + Ung (10)

The AB interaction between a plane and sphere, as a func-
tion of distance, can be predicted as:**"*'

do—d

)
where 1 is the correlation length of molecule in a liquid
medium. For hydrophilic repulsion, 4 = 0.6 nm; for hydro-
phobic attraction, 4 = 13 nm.*®

In freshwater, the XDLVO analysis shown in Fig. 4a predicts
a high energy barrier between cells and bare-IONPs at around
>1000 kT, which strongly prohibits the effective particle-to-cell
attachment. For the case of SF-IONPs, a secondary minimum
(=3.12 KT) is observed once the AB interaction is considered.
At this point, the attachment of cells with SF-IONPs is
effective.’” The major difference between the DLVO and
XDLVO analyses for interaction between Chlorella sp. and
SF-IONPs is that the DLVO predicts net attraction, whereas the
XDLVO predicts the present of a secondary minimum followed
with strong hydrophilic repulsion (due to U,g) as the particle-

Ups = 21a2AGY exp[ (11)
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Fig. 4 XDLVO profiles for the interaction between Chlorella sp. cells
and bare-IONPs/SF-IONPs in (a) freshwater and (b) seawater with the
overall interacting potential Uypyo plotted for both species of IONPs
used.
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cell separation distance approaches the layer thickness of the
PDDA coating (see ESI Fig. S4af). Nevertheless, both analyses
predicted successtul attachment of the SF-IONPs onto Chlor-
ella sp.

In seawater, as shown in Fig. 4b, the XDLVO analysis pre-
dicts net repulsion between the cells and the bare-TONPs/
SF-IONPs. The available repulsive AB interaction strongly pro-
hibited the effective attachment for both cases in which the
energy barrier is much higher than 100 kT (see ESI Fig. Sabf).
This prediction is in accordance with the observation deli-
neated in Fig. 1. Therefore, from a theoretical perspective, the
AB interaction plays a crucial role in determining the net inter-
action between the nanoparticles and microalgal cells under
seawater conditions.

3.3 Variation of ionic strength verified the important role of
AB interactions

Our XDLVO analysis confirms that the ES and AB interactions
are both important in governing the net interaction of cells
and nanoparticles in different ionic strength conditions. An
interacting system between the cells and SF-IONPs is moni-
tored to investigate the inter-relationship of the ES and AB as
jonic strength increases from 1 to 700 mM. Since the dissolved
mineral substance of seawater is mainly made up of Na™ and
Cl™ ions, about 30.6% and 55%, respectively, sodium chloride
(NaCl) salt is used for adjusting the ionic strength.*

Fig. 5 shows the cell separation efficiency is the highest in
1 mM ionic strength medium using SF-IONPs. At this level of
ionic strength, it is possible to achieve an overall cell separ-
ation efficiency at around 98.82 + 0.31%; the left over crystal
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Fig. 5 Separation efficiency of Chlorella sp. cell as a function of NaCl
concentration up to 700 mM, which is equivalent to the ionic strength
of seawater. Here, 300 mg L™ of SF-IONPs is added to the cell suspen-
sion corresponding to 1.27 g nanoparticles per 1 g dry biomass. All sep-
aration processes were conducted at low field gradient for 6 minutes.
Bottom images shows how the final suspensions look after the
separation.

Nanoscale, 2014, 6, 12838-12848 | 12843

-



Paper
(a) 50T
40
30

LAt aEal ARLAT RARAS RAM)

Uxowvo (KT)
[«]

FETSICRTCI TP PRURI AUFTYISTTI ARATIAITY

- —1mM
20 <= 10mM
= - = 100mM 3
S0F —— B00MM 3
-40F 700mM 3
711 YT POV TOPSTYOOTU OV YOVt PP TOTIY FYSTIYVIN IYPT TOTTt FTPTYTIVY STV
6 10 20 30 40 50 60 70 80
d (nm)
(b) op
o
X -10F
= E
3
E -20f
= E
£ E
g 30}
o E
c 3
8 ok
Q
173
50

0 100 200 300 400 500
NaCl concentration (mM)

600 700

Fig. 6 (a)} XDLVO profile showing the net interaction between the
Chilorella sp. cells and SF-IONPs at different NaCl concentrations.
(b) Well depth of the secondary minimum predicted by the XDLVO as a
function of NaCl concentration from part (a).

v A

clear supernatant indicated that most cells have been success-
fully collected. Overall cell separation efficiency dropped to
92.84 + 8.32% as we further increased the ionic strength of the
suspension to 10 mM. When the ionic strength increased to
more than 100 mM, cell separation efficiency becomes much
lower, and only 5.75 + 1.09% of cells are removed in 700 mM
medium. This experimental observation is in accordance with
the XDLVO model prediction as shown in Fig. 6. The well
depth of the secondary minimum sharply decreases from —41
KT to -5 KT when ionic strength increases from 1 mM to
10 mM. The net repulsive interaction predicted from the
XDLVO analysis above, without the presence of a secondary
minimum at ionic strength of 100 mM, indicates that no
effective attachment between the SF-IONPs and cells can
occur. They tend to repel each other, and this is in good agree-
ment with our previous observation in which no SF-IONP
attachment is observed in seawater.

As shown in Fig. 7a and b, both the effective length scale
for ES and AB interactions between SF-IONPs and Chlorella sp.
decreased with the increase in ionic strength. For the former
case, the reduction in terms of the effective interaction range
is due to the Debye screening effect as discussed previously
(see ESI Fig. S5t). Moreover, it should be noted that the extent
of reduction in the effective interaction range is much more
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Fig. 7 Normalized interacting potential of (a) electrostatic and (b) Lewis
acid—-base interaction with respect to the separation distance, d
between Chlorella sp. and SF-IONPs at different NaCl concentrations.
Regardless of ionic strength, Ugs is always negative (attractive) and Upg is
always positive (repulsive) within the investigated concentration range of
NaCL

pronounced for ES interaction compared to AB interaction. In
fact, this slight reduction in the interaction range for the AB
case is very likely due to the complex interplay of the salting
out effect and conformational changes in the polyelectrolyte
layer.3*** Suppression of the physical barrier formed due to
polyelectrolyte layer adsorption, which subsequently reduces
the absolute surface-to-surface separation distances, should be
the main reason for the decreasing range of AB interaction.

This study shows the ES interaction is crucial to facilitate
effective particle-to-cell attachment in freshwater, while the AB
interaction is more dominant in high ionic strength condition
(=100 mM). Having this kind of information, especially by
knowing the extent of interaction involved, has provided us a
guideline to design an effective strategy to promote particle
detachment. For example, since ES interaction is most influen-
tial on the particle-to-cell attachment in freshwater, suppres-
sion of this interaction by introducing an ionic stress could
disrupt the entire interaction scheme, which subsequently
could cause particle detachment (see ESI Fig. S6t). This
investigation is important for the recovery of SF-IONPs by mag-
netophoresis without the need for pH adjustment for effective
implementation of magnetophoretic separation of microalgae
without taking the risk of causing cell lysis.***’
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3.4 Domination of ES interaction with respect to pH

Throughout the entire time course of the cultivation process,
the pH of the culture media shifted to a more alkaline con-
dition (see ESI Fig. S7t). In addition, the ES interaction is sen-
sitive toward the pH change in the surrounding media
through the influence on the surface charge. These two impor-
tant phenomena motivated our work in this section, which
focuses on the effect of pH on the interactions between micro-
algal cells and bare-IONPs/SF-IONPs.

In this study, the bare-IONPs have an isoelectric point at
about pH 8, while both Chlorella sp. cells and SF-IONPs did
not show any charge reversal behavior within the pH range of
3 to 11 (see ESI Fig. S87: cells will always carry a net negative
charge and the SF-IONPs will always in a positive charge). The
results in Fig. 8 show that the Ugg in the case of cells with
bare-IONPs changes from attraction (negative zone) to repul-
sion (positive zone) when the pH changes across the isoelec-
tric point of bare-IONPs. Associated with this change is the
obvious diminishing of the secondary minimum with a well
depth of —7.68 kT at pH 3 to net repulsion at pH 11 (Fig. 9a).
Our experimental results (Fig. 9b) have proven the reliability
and versatility of the XDLVO analysis where the attractive inter-
action binds the cells and bare-IONPs together and forms cell-
particle clusters at pH 3, as shown in Fig. 9c. For the case of
SF-IONPs, the results in Fig. 8b illustrate that the Ugs always
maintains attraction between the negative charged cells and
positive charged SF-IONPs. The secondary minimum predicted
by XDLVO theory (Fig. 9a) is nicely developed (>9 kT in magni-
tude) and promotes attachment of the SF-IONPs on the micro-
algal cell surface. This observation is consistent with the
experimental results (Fig. 9b) with a cell separation efficiency of
more than 90% in all pH values. It should be noted that in our
case the ES interaction has a slightly longer range compared to
the AB interaction (see ESI Fig. S97), and thus, the ES domi-
nates the net interaction energy, Uxpivo, with respect to pH.
Our optical microscopy observations (Fig. 9d) clearly show the
effective attachment of particles to cells for the case of
SF-IONPs. This study has confirmed the important role of ES
and AB interactions under freshwater conditions. Therefore,
these two interactions need to be considered in order to predict
successful particle-to-cell attachment by XDLVO analysis.

(a} 20 pPrTTTIT T TT T  T T T T TTO T rT T r TTT (b) 20 rrT  RARAEAALS R EE e R L LT RALESEES
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Fig. 8 Ugs curve as a function of distance between Chlorella sp. and
(a) bare-IONPs and (b) SF-IONPs at different pH.
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Fig. 9 Diagrams showing the (a) well depth of secondary minimum
predicted by the XDLVO analysis and the (b) cell separation efficiency
from experiment observations when the Chlorella sp. cells are interact-
ing with the bare-IONPs and SF-IONPs at different pH. Cell separation is
performed by a NdFeB cylindrical magnet with a total collection time of
6 minutes at a dosage of 1.27 g nanoparticles per 1 g dry biomass.
Microscopy images showing the effective attachment between cells and
(c) bare-IONPs in pH 3 and (d) SF-IONPs in pH 11. Dark rings and spots
detected over most of the cell surface indicated the successful attach-
ment of particles.

3.5 Attachment of nanoparticles on marine species

In order to further verify the feasibility of the XDLVO theory in
predicting the particle-to-cell interaction in seawater, another
marine species of microalgae, named Nannochloropsis sp., was
employed for a particle-to-cell attachment study.

In general, Nannochloropsis sp. cells have a simple spherical
structure with a diameter around 3-5 pm, resembling the size
and shape of Chlorella sp. Table 2 shows that the AB interfacial
interaction energy (per unit contact area) between the surfaces
of Nannochloropsis sp. is weaker than the Chlorella sp.
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= The Nannochloropsis sp. experiences weaker AB repulsive inter-
action when in contact with the bare-IONPs and SF-IONPs,
with its surface energy at 64.0 mJ m™2 and 65.1 mJ m~ com-
pared to that of the Chlorella sp., at 87.7 mJ m™ and 89.6 m]
m™2, respectively. Our XDLVO analysis predicts a secondary
minimum well depth at ~0.90 kT for cell/bare-IONP inter-
action and —1.94 KT for cell/SF-IONP interaction (see Fig. 10).
With a low particle-to-cell ratio at 0.42 g g™, there is no
obvious attachment of bare-IONPs onto cells and almost all of
the particles have aggregated to form large clusters (see
Fig. S10 in ESIj). However, for the case of SF-IONPs, we
observed particle attachment even at a very low particle-to-cell
ratio of 0.21 g g~* (Fig. $10%). Together with the results pre-
sented in Fig. 10, our microscopy observations support our
hypothesis that magnetic separation would definitely occur as
long as there is particle attachment. Fig. 10b shows that the
magnetophoretic separation efficiencies achieved are 97.90 *
0.27% and 4.94 + 0.50% for SF-IONPs and barc-IONPs,
respectively, when in particle-to-cell ratio is 0.42 g g™* (see ESI
Fig. $101). The recorded separation efficiency has indirectly
confirmed that particle-to-cell aggregation is weak and insig-
nificant for well depths less than ~1.5 kT.?® In thermal equili-
brium, according to the equipartition theorem, a particle has
the same average energy associated with each independent
degree of freedom of their motion. Hence, the translational
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Fig. 10 (a) XDLVO analysis for the interaction between the marine
species Nannochloropsis sp. with bare-IONPs and SF-IONPs. The well
depth of secondary minimum predicted for each case is ~0.90 kT (bare-
IONPs) and —1.94 kT (SF-IONPs). (b) Separation efficiency of Nanno-
chloropsis sp. under LGMS at different dosages.
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kinetic energy possessed by a free particle is equivalent to
3/2 KT {<Eyinetic> = 1.5 KkT). The overall attractive interaction
between the IONPs and microalgal cells need to overcome this
energy for binding to happen. The results shown in Fig. 10a
and b are nicely aligned with this classical prediction and
provide a proper guideline for magnetic seeding of microalgal
cells. Under this principle, particle attachment could only
happen if the particle-to-cell interaction achieved a well-depth
of secondary minimum beyond 1.5 kT under XDLVO analysis.
Even though the magnitude of attractive interaction is weak
for the case of bare-IONPs on Nannochloropsis sp., magneto-
phoretic separation of this species of microalgae can still be
implemented by increasing the particle concentration. Since
the electrostatic interaction within seawater is relatively weak,
as suggested by our previous XDLVO analysis, we hypothesized
that the vdW and AB interactions should play a major role
here. Moreover, the high concentration of particles enables the
cells and bare-IONPs to collide more frequently, hence increas-
ing the probability of particle attachment. Fig. 10b shows that
a separation efficiency of Nannochloropsis sp. up to 80.22 +
10.57% can only be achieved with a particle-to-cell ratio of
2.11 g g~* (see ESI Fig. 510%). By taking the density of iron
oxide at 4.95 g cm™ and the mean diameter of the particles as
25 nm, we estimated that there are around 1.74 x 10 particles
per cell.

By referring back to the case of Chlorella sp. with bare-
IONPs, the net repulsive interaction predicted by the XDLVO
theory has suggested that under all circumstances, even at
high particle concentrations, there should be no particle
attachment, and hence no microalgae separation. Our results
confirmed this observation (ESI Fig. S111) and verified the
critical need to take into account AB interaction in predicting
the particle-to-cell interaction. Moreover, the vdW and AB
interactions should be taken into account to predict the effec-
tiveness of particle-to-cell attachment in seawater without the
need to consider the ES interaction due to the Debye screening
effect.’> From all the data presented, magnetophoretic separ-
ation can be implemented successfully as long as the particles
attach. This finding makes the prediction of particle attach-
ment, such as discussed in this work, crucial for the
implementation of magnetophoretic separation of microalgal
cells.

4 Conclusions

XDLVO analysis can be employed as a very useful mathemat-
ical analysis to predict the successful IONP attachment onto
the microalgal cells, either in freshwater or seawater. In fresh-
water, the effectiveness of the particle-to-cell attachment is
always governed by ES interaction, in which this interaction is
strongly affected by the surface zeta-potential. The AB inter-
action between Chlorella sp. and bare-IONPs/SF-IONPs has a
shorter interaction distance than ES interaction. The XDLVO
analysis has predicted a net repulsion between Chlorella sp.
cells and bare-IONPs while predicting effective attachment of
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SF-IONPs onto cell surface with a secondary minimum of
—3.12 kT, which is in accordance with our experimental obser-
vation. In seawater, the AB interaction plays a pivotal role in
determining the net interaction between the cells and IONPs.
High ionic strength suppresses the Debye screening length of
the charged particles and induces a relatively short length for
ES interaction, between cells and IONPs. This observation is
beneficial for the design of an effective protocol to promote
particle detachment from cell surfaces, which would greatly
improve the reusability of the IONPs for subsequent separation
cycles. The XDLVO theory has predicted the presence of a sec-
ondary minimum with a well depth of —1.94 KT, which is
mainly dominated by the vdW interaction, and followed by a
strong hydrophilic repulsion (U,s) for the case of marine
species Nannochloropsis sp. cells interact with SF-IONPs in sea-
water. Under this scenario, 97.90 * 0.27% of cells were
magnetophoretically separated at a particle dosage of 0.42 g
particles per 1 g diy biomass. This prediction is strongly
related to the less hydrophilic surface of Nannochloropsis sp.
We anticipate that the XDLVO analysis presented here can be
employed to aid the process of (1) selecting an appropriate
molecular binder for surface functionalization of IONPs,
which subsequently promotes particle attachment onto micro-
algal cells, and more importantly, (2) predicting the successful
implementation of magnetophoretic separation without the
need to conduct tedious and lengthy experiments.
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Successful application of a magnetophoretic separation technique for harvesting biological cells often
relies on the need to tag the cells with magnetic nanoparticles. This study investigates the underlying
principle behind the attachment of iron oxide nanoparticles (IONPs) onto microalgal cells, Chlorella sp.
and Nannochloropsis sp., in both freshwater and seawater, by taking into account the contributions of
various colloidal forces involved. The complex interplay between van der Waals (vdW), electrostatic (ES)
and Lewis acid—base interactions (AB) in dictating IONP attachment was studied under the framework of
extended Derjaguin—Landau—Verwey—Overbeek (XDLVO) analysis. Our results showed that ES interaction
plays an important role in determining the net interaction between the Chlorella sp. cells and IONPs in
freshwater, while the AB and vdW interactions play a more dominant role in dictating the net particle-to-
cell interaction in high ionic strength media (=100 mM NaCl), such as seawater. XDLVO predicted
effective attachment between cells and surface functionalized IONPs (SF-IONPs) with an estimated sec-
ondary minimum of —3.12 KT in freshwater. This prediction is in accordance with the experimental obser-
vation in which 98.89% of cells can be magnetophoretically separated from freshwater with SF-IONPs.
We have observed successful magnetophoretic separation of microalgal cells from freshwater and/or sea-
water for all the cases as long as XDLVO analysis predicts particle attachment. For both the conditions, no
pH adjustment is required for particle-to-cell attachment.
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1 Introduction

Given the current state of energy crisis, the recovery of micro-
algae biomass is crucial because it can serve as a sustainable
alternative for the production of biofuel." In this regard, mag-
netophoretic separation has been developed as an effective
downstream separation technique to harvest microalgal
biomass from aqueous environments.*” The origin of this
idea can be traced back to 1970s, when this method was
applied for environmental engineering applications in remov-
ing microalgae that plagued fresh water lakes and caused
eutrophication.®® Compared to the more conventional separ-
ation technologies, magnetophoretic separation shows remark-
able potential for the harvesting of microalgal cells because

“School of Chemical Engineering, Universiti Sains Malaysia, Nibong Tebal,

Penang 14300, Malaysia. E-mail: chjitkangl@usm.my

bSchool of Biological Sciences, Universiti Sains Malaysia, Minden, Penang 11800,
Malaysia

Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, USA
fElectronic supplementary information (ESI) available: Table S1: Contact angle
measurements. Table $2: Surface energy components of the liquids. Fig. S1:
Microscopy images of Chlorella sp. cells trapped inside the bare-IONP floceu-
lated matrix. Fig. $2-S3: TEM micrograph shows the relative size of IONPs to
Chlorella sp. cells and the internalization of SF-IONPs into Chlorella sp. cells
after effective attachment. Fig. $4: XDLVO diagram of the interaction between
Chlorella sp. cells and SF-IONPs in freshwater and seawater. Fig. §5: Zeta poten-

tial of Chlorella sp. and SF-IONPs with respect to NaCl concentration. Fig. 56:
Detachment efficiency of Chlorella sp. cells from SF-IONP-attached cell biomass
in different concentrations of NaCl. Fig. §7: pH of the Chlorella sp. culture
medium as a function of days. Fig. S8: Zeta potentials of Chlorella sp., bare-
IONPs and SF-IONPs as a function of pH. Fig. $9: XDLVO diagram of Chiorella
sp. interacting with SF-IONPs in pH 11 of 1 mM NaCl medium. Fig. 510:
Microscopy images showed the attachment of particles to the marine species
Nannochloropsis sp. Fig. $11: Cell separation efficiency of Chiorella sp. with
different dosages of bare-IONPs. Sce DOT: 10.1039/e4nr03121k
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this technique has (1) high throughput, (2) low operational
cost, (3) less energy intensive, (4) high separation efficiency,
and (5) flexible for implementation and scalability.*'*"!

The underlying working principle for the magnetophoretic
separation technique is straightforward. It centers on the need
to tag non-magnetic microalgal cells with iron oxide nano-
particles (IONPs).>”**'3 Later, the tagged biomass are exposed
to an externally applied magnetic field to achieve its separation
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from the surrounding media. Hence, the ability to predict the
success or failure of magnetic nanomaterial attachment onto
the microalgal cell surface is crucial for the implementation of
this technology. From the seminal work of Xu and coworkers,
adsorption isotherm analysis has been employed to make
accurate yet simple estimation of the binding affinity and also
the adsorption capacity of IONPs onto microalgae.” To verify
the nature of interactions involved between the IONPs and
microalgal cells, it is necessary to further identify the main
driving factor behind this adsorption process.

So far, the attachment of IONPs onto microalgal cells can
be promoted through the presence of macromolecules as a
binding agent. Numerous macromolecules, such as chitosan,
polyethylenimine, poly(diallyldimethylammonium chloride)
etc.,*""'*™ have been employed and shown remarkable capa-
bility to bind the IONPs onto the negatively charged microalgal
cells. For freshwater species, the nature of interactions
between the nanoparticles and microalgal cells is very likely
dominated by electrostatic interaction.**!* With respect to
marine species, the magnetophoretic technique works equally
well with a separation efficiency of more than 90%.* Suppo-
sedly, the ionic stress induced by the high salt concentration
in seawater would cause retardation and inhibit the electro-
static (ES) attraction between the cells and IONPs.'® Under this
circumstance, bridging flocculation can be important, but in
the absence of extracellular polymeric substances on the
microalgae surface, there exists some existing experimental evi-
dence against this possibility.'® By excluding both the ES and
bridging effects, van der Waals (vdW) interaction should play a
more pronounced role in promoting attachment of the IONPs
onto marine microalgal cells. Moreover, since microalgae are
considered hydrophilic bio-colloids due to their natural
surface properties,'” we may need to account for Lewis acid-
based interactions in the entire adsorption mechanism.'* It is
the aim of this study to investigate the complex interplay of
the aforementioned interactions in dictating the attachment of
IONPs on microalgal cells.

The present study is dedicated to identifying the colloidal
interactions involved in determining the successful attach-
ment of IONPs onto microalgal cells. Experimentally we
verified the attachment of IONPs by checking the magneto-
phoretic responsiveness of the tagged cells and direct visual-
ization through optical microscopy. Electrophoretic mobility
measurements were used to provide information on the
surface charge of IONPs before and after their surface
functionalization and also for microalgal cells. By employing
Chlorella sp. as a model system, we investigated the attach-
ment efficiency of IONPs onto this cell line within both fresh-
water and seawater. Extended Derjaguin-Landau-Verwey-
Overbeek (XDLVO) theory, which takes into account the contri-
bution of vdW, ES and the Lewis acid-base (AB) interaction,
was employed to rationalize the colloidal interactions involved
inparticle-microalgae interactions. Here, XDLVO analysis can
be a clear-cut method to provide guidance in predicting the
success or failure of IONP attachment onto microalgal cells,
which further leads to the effective implementation of magne-
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tophoretic separation. A marine species, Nannochloropsis sp.,
was employed to further confirm the reliability of the XDLVO
prediction.

2 Experimental section
2.1 Materials

Bare iron oxide magnetic nanoparticles (bare-IONPs) with
diameters at around 20-30 nm were obtained from Nanostruc-
tured & Amorphous Materials, Inc. The 35 wt% very low mole-
cular weight poly(diallyldimethylammonium chloride) (PDDA)
in water with molecular weight, M,, < 100 000 g mol™" was sup-
plied by Sigma-Aldrich, Inc. Hydrochloric acid was purchased
from PC Laboratory Reagents. The sodium hydroxide pellet
and sodium chloride were supplied by MERCK & Co., Inc.
Deionised water was obtained by reverse osmosis and further
treated by the Milli-Q Plus system (Lillipore) to 18 MQ cm
resistivity.

2.2 Culture, preparation and characterization of Chlorella sp.
and Nannochloropsis sp. cells

The Chlorella sp. and Nannochloropsis sp. strains were
obtained from the School of Biological Sciences, Universiti
Sains, Malaysia. The Chlorella sp. was cultivated in 250 ml
Bold’s Basal Medium (BBM), while the Nannochloropsis sp. was
cultivated in 250 ml Conway medium. Both cultures were
maintained under continuous illumination at 2000 lux and
25 °C. The media and flasks were autoclaved at temperature
121 °C for 15 minutes before cell cultivation. Continuous aera-
tion was provided for the culture medium throughout the cul-
tivation period. In this study, cell density of Chlorella sp. was
maintained at around 3 x 107 cells ml™ (after 10 culturing
days) for all experiments. For subsequent experiments, the
cells were collected through centrifugation and redispersed in
deionized water multiple times to exclude the present of
growth media. Later, the concentrated biomass was then re-
dispersed into the desired medium (with different pH and
ionic strength) as planned for experiments. For Nannochlorop-
sis sp., the removal experiment was conducted right after 7
culture days to ensure the same cell density has been achieved
similar to Chlorella sp. Cell numbers were determined by
using a heamocytometer, while the size of cells was measured
microscopically using Image Analysis Software. The average
size of cells was calculated from 500 measurements.’® The pH
was measured by Eutech CyberScan pH 1500. The zeta poten-
tial of the microalgae was calculated based upon the
Helmholtz-Smoluchowski limit using a Malvern Zetasizer.

2.3 Preparation and characterization of surface
functionalized iron oxide nanoparticles (SF-IONPs)

The “attached-to” approach was employed to achieve attach-
ment between the IONPs and cells.’® The bare-IONPs were dis-
persed in deionized water and sonicated to achieve good
dispersion at 1 g L™'. PDDA was dispersed in deionized water
(17 g L") and stirred (500 rpm) for 1 day to achieve complete
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* dissolution. Then the bare-IONPs dispersion was added to the

macromolecule solution, and the entire mixture was sonicated
in a low power bath sonicator (40 kHz) to avoid degradation of
the molecular structure.!” This solution was then left on an
end-to-end rotating mixer at 40 rpm overnight. After this
surface modification step, a permanent magnet was used to
collect the surface functionalized IONPs (SF-IONPs). The
supernatant was discarded, while the SF-IONPs werce again dis-
persed in deionized water. The clectrophoretic mobility of
bare-IONPs and SF-IONPs in different media of differing pH
and ionic strength were measured using the Malvern Instru-
ments Nanosizer. Unless otherwise stated, the zeta potentials
of the bare-IONPs and SF-IONPs were then calculated based
upon the Helmholtz-Smoluchowski limit.

2.4 Low gradient magnetic separation (LGMS)

For every separation study, 300 mg L™" of bare-IONPs/SF-IONPs
were added into cell medium to ensure an excess supply of
particles. A total of 2 ml of 1.5 g L™ particles, either bare-
IONPs or SF-IONPs, was added to 8 ml cell medium followed
with simple mixing for 30 seconds to ensure uniform mixing
and dispersion. The mixture was left for another 30 seconds
before use for the magnetophoretic separation study. Magneto-
phoretic separation of Chlorella sp. was carried under low gra-
dient magnctic scparation (LGMS) for 6 minutes. A N50-
graded NdFeB permanent magnet was used to induce an
inhomogeneous magnetic field with field gradient VB < 80 T
m~".? The absorbance of the cell was measured spectrophoto-
metrically by a UVmini-1240 Shimadzu at the wavelength of
660 nm (measured by Agilent Technologies Carry 60 UV-Vis).
The cell separation efficiency was determined as:

T—1Md)

% 100% (1)
Iy — Icentrifuged

Cell separation efficiency (%) =
where I, represents the initial absorbance intensity of the
microalgae suspension after dilution with 2 ml deionized
water, I(t) represents the absorbance intensity of the micro-
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algae suspension during magnetophoretic separation at time ¢,
and the Ieenicugea represents the clear sample after centrifu-
gation with the same dilution factor.

2.5 Contact angle measurement

The surface free energy of the microalgal cells and the bare-
IONPs/SF-IONPs were determined by contact angle measure-
ments. These contact angles were measured by using a contact
angle goniometer (Rame-Hart Instrument Co.). Microalgal
cells were pre-concentrated by centrifugation at 2500g for
4 minutes. A flat layer of cells was deposited on agar to stabil-
ize the cell moisture content.*® The flat surface of bare-IONPs
was obtained by mechanically compressing the powder into
pellets.®® The concentrated solutions of SF-IONPs were de-
posited onto glass slides to form completely covered flat sur-
faces and dried at room temperature. Measurements were
performed with two polar liquids (water and glycerol) and an
apolar liquid (1-bromonaphthalene). The contact angle
measurements were carried out by a sessile drop technique,
and the readings were averaged from three replicate
measurements.'®

3 Results and discussion

3.1 Particle-microalgae interaction in freshwater and
seawater :

Magnetophoretic separation of microalgae from freshwater
medium has proven to be feasible in previous studies.>* We
hypothesized that the effective attachment of iron oxide nano-
particles (IONPs) onto the surface of Chlorella sp. is mediated
by electrostatic (ES) attraction.'™'* A similar model system is
employed in this study to further identify the actual contri-
bution of the interactions involved. Fig. 1 shows that the bare
iron oxide nanoparticles (bare-IONPs) do not adhere onto
Chlorella sp. cells in freshwater. Only about 2.68% of cells were
removed magnetophoretically with most of the cells entrapped

Chiorelia sp.

Freshwater

Seawater

Fig. 1 Optical micrographs showing the degree of attachment for both bare- and SF-IONPs onto Chlorella sp. cells in freshwater and seawater. For
bare-IONPs, under both aqueous environments, the particles aggregated extensively to form large clusters with no hint of attachment (dark ring
around the cells) on the cell. Whereas for the case of SF-IONPs, the black arrow pointing toward the dark area indicates the presence of particles on
the cell surface in freshwater. However, there is no clear indication showing the attachment of SF-IONPs onto microalgal cells in seawater. The
bottom left corner of each micrograph shows a photo depicting the microalgae suspension after going through magnetophoretic separation. Use of
bare-IONPs resulted in minimum magnetophoretic separation efficiencies of 2.68% and 0% for freshwater and seawater, respectively. There is also
no clear cell separation for the case of SF-IONPs in seawater, but this particle is proven to be an effective tagging agent for promoting the magneto-
phoretic separation of microalgal cells in freshwater with a 98.89% separation efficiency.
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Table 1 Details on the zeta-potential of each surface when dispersed
in different media conditions together with pH

Conditions

Fresh medium pH Surface Zeta-potential (mV)

Freshwater 6.58 Chlorella sp. —27.8%5.5
Bare-IONPs —30.4 +4.9
SF-IOPNs 25.2+47

Seawater 6.32 Chlorella sp. -9.1+0.3
Bare-IONPs 3.84 1.0
SF-IOPNs 4.95 + 0.6

within the flocculated nanoparticle matrix (see ESI Fig. S17).
On the other hand, the surface functionalized iron oxide nano-
particles (SF-IONPs) are very likely to attach onto cell surfaces
in freshwater condition, judging from the fact that a dark ring
formed around most of the microalgal cells (arrow pointed
area in Fig. 1). A cell separation efficiency as high as 98.89%
was recorded with a particle dosage of 0.84 g per 1 g of dry
biomass. This observation also serves as indirect confirmation
of our speculation about the successful magnetic seeding of
microalgal cells by SF-IONPs. By referring to Table 1, the
surface charge of cells and bare-IONPs are similar, while the
SF-IONPs have an opposite charge to the cells. These measure-
ments have verified that the electrostatic (ES) interaction
causes the cells and SF-IONPs to attract while it causes the
cells and bare-IONPs to repel each other.

In seawater, both the bare-JIONPs and SF-IONPs do not
attach onto the cells (Fig. 1). As a consequence, there is no cell
collection that can be detected optically. Table 1 shows that
the surface charge of the cells and nanoparticles are sup-
pressed to very low values compared to those in freshwater
conditions. Typical seawater contains various types of dis-
solved salt, mainly Na” and CI~ ions. The ionic strength of sea-
water is approximately 700 mM.** Hence, we hypothesized that
the high ionic strength of seawater causes strong Deybe screen-
ing and weakens the electrostatic-repulsion between the
particles. The particles aggregate extensively before their
attachment onto the cells. Large aggregates found in seawater,
as illustrated in Fig. 1, strongly support our hypothesis.

In classical DLVO analysis, the total interaction potential
(Upivo) between two colloidal particles is described as a
balance between the van der Waals (Uygw) and ES (Ugs)
interactions

Uprvo = Uwaw + Ugs (2)
in which the extent of ES interaction depends on the surface
charge/zeta potential of the interacting particles, and it can be
attractive or repulsive.

In this study, due to the huge size mismatch between the
IONPs and the microalgal cells (see ESI Fig. S27), where the
mean size of Chlorella sp. cells is 3.45 pm and is far larger
than the IONPs with a diameter at around 25 nm, the surface
of the cell is assumed to be flat with respect to the spherical
IONPs. Under this scenario, the surface curvature of cell is

This journal is @ The Royal Society of Chernistry 2014
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Fig. 2 Schematic illustration of a microalgal cell interacting with either
a bare-IONPs (left) and SF-IONPs (right). Due to the large size mismatch
between these two entities, we simplified our analysis to sphere—plane
interaction. In this diagram, d represents the surface-to-surface separ-
ation distance between the cell and particle, R is the particle radius, § is
the thickness of the polymer adlayer coated on the IONP surface. All the
symbols are in accordance to the parameters used in our analysis.

negligible with respect to the high curvature of nano-sized
IONPs. The Lifshitz-van der Waals equation for sphere-plane
configuration is applied™ as a function of separation distance,
d:

(3)

AqfR |1 1
Upaw = — . [

Aef d

6 E+d+2R] ~6 n[d+2R]

Here d is the surface-to-surface separation distance between
the cell and the IONP (Fig. 2); A.y represents the effective
Hamaker constant; and R is the radius of the IONP. The
Hamaker constant of each surface was estimated by contact
angle measurement (see ESI Table S17) with the use of at least
three different liquids (polar or apolar), of which two must be
polar liquids (see ESI Table $21).>"*" The Hamaker constant of
material i, A; is proportional to the vdW component of the
material surface tension, 7,"*V, and can be defined as follows:**

(4)

where d; is the minimum equilibrium distance between two
condensed-phase surfaces (d, = 0.657 + 0.01 nm).>® The y*"
can then be determined by using the Young’s equation
(Table 2):*7

A= 2.47td02y,-"w

(1 + cos@)yy, = z(\/r'g“’rl‘,w + \/Vé“ri".' + \/rlt;;rf,’) ()

where y is surface tension, mJ] m™%; ® is the electron-acceptor
parameter of the polar surface tension component, while y® is
the electron-donor parameter of the polar surface tension com-
ponent; and the subscripts S and L stand for the solid and
liquid, respectively.

The effective Hamaker constant, A.s is the combined
relationship between different materials that contributes to
the vdW body-body interaction. The A.; of interaction
between materials 1 and 3 separated by medium 2 can be
defined as:*®

At = Az = (VAL — VAy) (VA3 — VA3) (6)

According to this definition, for two colloidal particles sus-
pended in liquid, the vdW interaction can be either attractive
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*Table 2 Surface energy and Interfacial energy involved for the calculation of Lewis acid—base interaction. Subscript iw implies the interfacial
energy of surface i in water and iwi implies the interfacial energy of surface i to surface i in water

Surface energy (inj m™)

Interfacial energy (mJ m™2)

Surface, i T T 7° Pad 72 AGh, AG "
Chlorella sp. 75.0 22.2 52.8 4.8 145.1 -188 80
Bare-IONPs 48.1 44.0 4.2 0.06 74.2 -151 69
SF-IONPs 45.31 43.5 1.81 0.01 74.4 -150 71

40.0 26.2 13.8 0.65 73.3 =142 60

Nannochloropsis sp.

or repulsive.?® The calculated A, between the Chlorella sp.
cells and the bare-IONPs and SF-IONPs are 2.86 x 107! J and
2.81 x 107! J respectively.

ES interaction between a charged plane and a charged
sphere is modeled as:**

1 + e—Kd

In T— o

s 5

where £ is the zeta potential; x is the Debye-Hiickel parameter;
and the ¢ represents the permittivity of the medium, where £ =
&r£0. The permittivity of free space, &, is 8.854 x 1072 F m™%.
In the case of SF-IONPs, R’ = R + § where § is the adlayer thick-
ness, which is determined at 4.85 nm.**

According to the classical DLVO analysis under freshwater
conditions (Fig. 3a), the ES interaction between differently
charged cells and SF-IONPs enables effective particle-to-cell
linkage as evident from the net attractive interaction. Interest-
ingly, we observed particle internalization into the cells for the
case of SF-IONPs.'? This process most likely happens through
the membrane deformation caused by reorganization of the
lipid bilayer when the nanoparticles successfully attach on the
cell surface (see ESI Fig. S3t). This observation is in accord-
ance with the optical micrograph shown in Fig. 1. However, for
the bare-IONPs, the energy barrier with the Chlorella sp. cell is
more than 10 kT and prohibits the attachment of particles. In
seawater, the classical DLVO theory (Fig. 3b) predicts the bare-
IONPs and SF-IONPs are always ready to attach on the cell

(@ 45 i L ®) s prevererey
Freshwater Seawater
10 3 1o} 3
. s} i st E
£ { = ]
g ° o g0 f i 3
6 ‘.’ Do ; ]
S st 3 S r
“of ~—— Bare-IONPs 5L —— Bare-{ONPs
H <ee- SFIONPS ] : ---- SFAONPS ]
.15 iu ) , ) P . ) ht

© 1t 20 30 40 50 0 10 20 30 40 50

d (nm) d (nm)

Fig. 3 Classical DLVO profiles for the interaction between Chlorella sp.
cells and bare-IONPs/SF-IONPs in (a) freshwater and (b) seawater with
the overall interacting potential Upyo plotted for both species of IONPs
used.
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+In(1 - e"‘d)] (7)

surface promoted by the attractive vdW force. However, we
observed no separation of microalgal cells for both species of
nanoparticles (Fig. 1). Even though the rapid aggregation of
particles might be the dominant factor causing poor separ-
ation efficiency, from the optical microscopy observation we
have also failed to detect any hint of particle attachment. This
in turn has indirectly suggested that the classical DLVO ana-
lysis is insufficient to provide useful prediction related to
particle attachment within our experimental conditions.

3.2 XDLVO considerations

From the existing literature, there are a number of studies
emphasizing the need to include polar interactions into the
analysis involving biological cells.'***?*?? Since microalgal
cells are also a hydrophilic biocolloid due to their natural
surface properties, where the outer cell membrane is made up
of the hydrophilic end of the phospholipid layer,'”*’ the polar
interaction based on electron acceptor-electron donor (Lewis
acid-base, AB) interactions may be important. In this context,
the AB interaction can be up to two orders of magnitude
higher than those commonly encountered among the com-
ponents of the traditional DLVO energy balance.? In addition
complexity may arise as the changes in the ionic strength of
culture media would suppress the electric double layer and
therefore retard the ES interaction. This condition will become
more pronounced in seawater culture with the complex ionic
environment. As such, a more physically sound analysis taking
into account the AB interaction might be necessary, and this
new physicochemical approach, which takes into account con-
tributions other than vdW and ES interactions, is known as
the extended DLVO (XDLVO) analysis.

In this study, the van Oss-Chaudhury-Good (OCG) thermo-
dynamic approach is used to determine the AB interaction.?*
Table 2 shows that the Chlorella sp., bare-IONPs and SF-IONPs
are strongly hydrophilic since their y© values are larger than
that of the water, while their y® values are far less than that of
water, where y& = § = 25.5 mJ m™2 for water. A larger y°
surface exhibits strong affinity to water molecules via the for-
mation of hydrogen bonds. The Chlorella sp., bare-IONPs and
SF-IONPs tend to bind water strongly with free energies in the
range of —140 to —190 mJ m~2, which are stronger than the
hydrogen-bonding energy of water (—102 mJ m™2).*° When
these hydrophilic cells/particles disperse in water, they experi-
ence hydrophilic repulsion with an AB interfacial interaction

This journal is © The Roys! Society of Chemistry 2014
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energy greater than zero (AG,,® > 0). This interfacial inter-
action energy is defined as:

AGwui™" = 4 (\/ vEra + vy —\Jrn - \/r;i.r;:.') (8)

AGu,"® decreases in the order of Chlorella sp. > SF-IONPs >
bare-IONPs, at 80, 71 and 69 mJ m™2 respectively.”**” After
cells and bare-IONPs/SF-IONPs are mixed in water, both sur-
faces experience hydrophilic repulsion with respect to each
other. The AG,,"® for the configuration of Chlorella sp. cells
and bare-IONPs is 87.7 mJ m™?, and for cells interacting with
SF-IONPs, it is 89.6 m] m™2.

AGw™ =2 ( JrEre + VIEre + Ve + Jrer

= 2Vring — i — }g‘-"r?)

From the above point of view, the AB interaction should be
included in the XDLVO analysis:

(9)

Usprvo = Uvaw + Ugs + Ups (10)

The AB interaction between a plane and sphere, as a func-
tion of distance, can be predicted as:*>*'

Upp = 27alAGSP exp [d°; d] (11)
where 1 is the correlation length of molecule in a liquid
medium. For hydrophilic repulsion, 4 = 0.6 nm; for hydro-
phobic attraction, 4 = 13 nm.*®

In freshwater, the XDLVO analysis shown in Fig. 4a predicts
a high energy barrier between cells and bare-IONPs at around
>1000 kT, which strongly prohibits the effective particle-to-cell
attachment. For the case of SF-IONPs, a secondary minimum
(=3.12 KkT) is observed once the AB interaction is considered.
At this point, the attachment of cells with SF-IONPs is
effective.*® The major difference between the DLVO and
XDLVO analyses for interaction between Chlorella sp. and
SF-IONPs is that the DLVO predicts net attraction, whereas the
XDLVO predicts the present of a secondary minimum followed
with strong hydrophilic repulsion (due to U,g) as the particle-
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Fig. 4 XDLVO profiles for the interaction between Chlorella sp. cells
and bare |OMPs/SF IOMPs in (a) freshwater and (b) scawater with the
overall interacting potential Uypyo plotted for both species of IONPs
used.
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cell separation distance approaches the layer thickness of the
PDDA coating (see ESI Fig. S4af). Nevertheless, both analyses
predicted successful attachment of the SF-IONPs onto Chlor-
ella sp.

In seawater, as shown in Fig. 4b, the XDLVO analysis pre-
dicts net repulsion between the cells and the bare-IONPs/
SF-IONPs. The available repulsive AB interaction strongly pro-
hibited the effective attachment for both cases in which the
energy barrier is much higher than 100 kT (see ESI Fig. $4bf).
This prediction is in accordance with the observation deli-
neated in Fig. 1. Therefore, from a theoretical perspective, the
AB interaction plays a crucial role in determining the net inter-
action between the nanoparticles and microalgal cells under
seawater conditions.

3.3 Variation of ionic strength verified the important role of
AB interactions

Our XDLVO analysis confirms that the ES and AB interactions
are both important in governing the net interaction of cells
and nanoparticles in different ionic strength conditions. An
interacting system between the cells and SF-IONPs is moni-
tored to investigate the inter-relationship of the ES and AB as
ionic strength increases from 1 to 700 mM. Since the dissolved
mineral substance of seawater is mainly made up of Na* and
Cl” ions, about 30.6% and 55%, respectively, sodium chloride
(Nacl) salt is used for adjusting the ionic strength.™

Fig. 5 shows the cell separation efficiency is the highest in
1 mM ionic strength medium using SF-IONPs. At this level of
ionic strength, it is possible to achieve an overall cell separ-
ation efficiency at around 98.82 + 0.31%; the left over crystal

]
Chiorella sp. }

] ;
/’ E

- |
O ]
////.V’M}/ J.ETZT/'/T

10mM  100mM  600mM  700mM
NaCl concentration (mM)

Cell separation efficiency (%)

Fig. 5 Separation efficiency of Chlorella sp. cell as a function of NaCl
concentration up to 700 mM, which is equivalent to the ionic strength
of seawater. Here, 300 mg L™* of SF-IONPs is added to the cell suspen-
sion corresponding to 1.27 g nanoparticles per 1 g dry biomass. All sep-
aration procesee:s were conducted at low field gradient for 6 minutes.
Bottom images shows how the final suspensions look after the
separation.
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Fig. 6 (a) XDLVO profile showing the net interaction between the
Chlorella sp. cells and SF-IONPs at different NaCl concentrations.
{b) Well depth of the secondary minimum predicted by the XDLVO as a
function of NaCl concentration from part (a).

clear supernatant indicated that most cells have been success-
fully collected. Overall cell separation efficiency dropped to
92.84 + 8.32% as we further increased the ionic strength of the
suspension to 10 mM. When the ionic strength increased to
more than 100 mM, cell separation efficiency becomes much
lower, and only 5.75 + 1.09% of cells are removed in 700 mM
medium. This experimental observation is in accordance with
the XDLVO model prediction as shown in Fig. 6. The well
depth of the secondary minimum sharply decreases from —41
KT to —5 kT when ionic strength increases from 1 mM to
10 mM. The net repulsive interaction predicted from the
XDLVO analysis above, without the presence of a secondary
minimum at ionic strength of 100 mM, indicates that no
effective attachment between the SF-IONPs and cells can
occur. They tend to repel each other, and this is in good agree-
ment with our previous observation in which no SF-IONP
attachment is observed in seawater.

As shown in Fig. 7a and b, both the effective length scale
for ES and AB interactions between SF-IONPs and Chlorella sp.
decreased with the increase in ionic strength. For the former
case, the reduction in terms of the effective interaction range
is due to the Debye screening effect as discussed previously
(sce ESI Fig. S5). Moreover, it should be noted that the extent
of reduction in the effective interaction range is much more
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Fig. 7 Normalized interacting potential of (a) electrostatic and (b) Lewis
acid-base interaction with respect to the separation distance, d
between Chilorella sp. and SF-IONPs at different NaCl concentrations.
Regardless of ionic strength, Ugs is always negative (attractive) and Upg is
always positive (repulsive) within the investigated concentration range of
NaCl.

pronounced for ES interaction compared to AB interaction. In
fact, this slight reduction in the interaction range for the AB
case is very likely due to the complex interplay of the salting
out effect and conformational changes in the polyelectrolyte
layer.3*3% Suppression of the physical barrier formed due to
polyelectrolyte layer adsorption, which subsequently reduces
the absolute surface-to-surface separation distances, should be
the main reason for the decreasing range of AB interaction.
This study shows the ES interaction is crucial to facilitate
effective particle-to-cell attachment in freshwater, while the AB
interaction is more dominant in high ionic strength condition
(=100 mM). Having this kind of information, especially by
knowing the extent of interaction involved, has provided us a
guideline to design an effective strategy to promote particle
detachment. For example, since ES interaction is most influen-
tial on the particle-to-cell attachment in freshwater, suppres-
sion of thls interaction by introducing an ionic stress could
disrupt the entire interaction scheme, which subsequently
could cause particle detachment (see ESI Fig. S6%). This
investigation is important for the recovery of SF-IONPs by mag-
netophoresis without the need for pH adjustment for effective
implementation of magnetophoretic separation of microalgae

without taking the risk of causing cell lysis.***’

This journal is © The Royal Society of Chemistry 2014
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3.4 Domination of ES interaction with respect to pH

Throughout the entire time course of the cultivation process,
the pH of the culture media shifted to a more alkaline con-
dition (see ESI Fig. S71). In addition, the ES interaction is sen-
sitive toward the pH change in the surrounding media
through the influence on the surface charge. These two impor-
tant phenomena motivated our work in this section, which
focuses on the effect of pH on the interactions between micro-
algal cells and bare-IONPs/SF-IONPs.

In this study, the bare-IONPs have an isoelectric point at
about pH 8, while both Chlorella sp. cells and SF-IONPs did
not show any charge reversal behavior within the pH range of
3 to 11 (see ESI Fig. S81: cells will always carry a net negative
charge and the SF-IONPs will always in a positive charge). The
results in Fig. 8 show that the Ugs in the case of cells with
bare-IONPs changes from attraction (negative zone) to repul-
sion (positive zone) when the pH changes across the isoelec-
tric point of bare-IONPs. Associated with this change is the
obvious diminishing of the secondary minimum with a well
depth of —7.68 kT at pH 3 to net repulsion at pH 11 (Fig. 9a).
Our experimental results (Fig. 9b) have proven the reliability
and versatility of the XDLVO analysis where the attractive inter-
action binds the cells and bare-IONPs together and forms cell-
particle clusters at pH 3, as shown in Fig. 9c. For the case of
SF-IONPs, the results in Fig. 8b illustrate that the Ugs always
maintains attraction between the negative charged cells and
positive charged SF-IONPs. The secondary minimum predicted
by XDLVO theory (Fig. 9a) is nicely developed (>9 kT in magni-
tude) and promotes attachment of the SF-IONPs on the micro-
algal cell surface. This observation is consistent with the
experimental results (Fig. 9b) with a cell separation efficiency of
more than 90% in all pH values. It should be noted that in our
case the ES interaction has a slightly longer range compared to
the AB interaction (see ESI Fig. 591), and thus, the ES domi-
nates the net interaction energy, Uxpivo, With respect to pH.
Our optical microscopy observations (Fig. 9d) clearly show the
cffective attachment of particles to cells for the case of
SF-IONPs. This study has confirmed the important role of ES
and AB interactions under freshwater conditions. Therefore,
these two interactions need to be considered in order to predict
successful particle-to-cell attachment by XDLVO analysis.

(8) 20 prrrrrrrisresrrrrrrsrerey (B) 20 g
Chlorella sp. + Bare-IONPs ] t  Chlorella sp. + SF-IONPs
10} g 10F 3
3 £
0 R -
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£ A —— pHB J E
E pH 11 ]
-20 PO FETTTTeT | ‘ L s .20
1] 10 20 30 40 o
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Fig. 8 Ugs curve as a function of distance between Chlorella sp. and
(a) bare-IONPs and (b) SF-IONPs at different pH.
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Fig. 9 Diagrams showing the (a) well depth of secondary minimum
predicted by the XDLVO analysis and the (b) cell separation efficiency
from experiment observations when the Chlorella sp. cells are interact-
ing with the bare-IONPs and SF-IONPs at different pH. Cell separation is
performed by a NdFeB cylindrical magnet with a total collection time of
6 minutes at a dosage of 1.27 g nanoparticles per 1 g dry biomass.
Microscopy images showing the effective attachment between cells and
(c) bare-IONPs in pH 3 and (d) SF-IONPs in pH 11. Dark rings and spots
detected over most of the cell surface indicated the successful attach-
ment of particles.

3.5 Attachment of nanoparticles on marine species

In order to further verify the feasibility of the XDLVO theory in
predicting the particle-to-cell interaction in seawater, another
marine species of microalgae, named Nannochloropsis sp., was
employed for a particle-to-cell attachment study.

In general, Nannochloropsis sp. cells have a simple spherical
structure with a diameter around 3-5 pm, resembling the size
and shape of Chlorelia sp. Table 2 shows that the AB interfacial
interaction energy (per unit contact area) between the surfaces
of Nannochloropsis sp. is weaker than the Chlorella sp.

Nanoscale, 2014, 6, 12838-12848 | 12845



Paper

* The Nannochloropsis sp. experiences weaker AB repulsive inter-
action when in contact with the bare-IONPs and SF-IONPs,
with its surface energy at 64.0 mJ m~2 and 65.1 mJ m™* com-
pared to that of the Chlorella sp., at 87.7 mJ m~2 and 89.6 m]J
m™2, respectively. Our XDLVO analysis predicts a secondary
minimum well depth at —0.90 kT for cell/bare-IONP inter-
action and —1.94 KT for cell/SF-IONP interaction (see Fig. 10).
Wwith a low particle-to-cell ratio at 0.42 g g™, there is no
obvious attachment of bare-IONPs onto cells and almost all of
the particles have aggregated to form large clusters (see
Fig. $10 in ESIf). However, for the case of SF-IONPs, we
observed particle attachment even at a very low particle-to-cell
ratio of 0.21 g g~* (Fig. S10%). Together with the results pre-
sented in Fig. 10, our microscopy observations support our
hypothesis that magnetic separation would definitely occur as
long as there is particle attachment. Fig. 10b ehows that the
magnetophoretic separation efficiencies achieved are 97.90 %
0.27% and 4.94 + 0.50% for SF-IONPs and bare-IONPs,
respectively, when in particle-to-cell ratio is 0.42 g g™ (see ESI
Fig. S101). The recorded separation efficiency has indirectly
confirmed that particle-to-cell aggregation is weak and insig-
nificant for well depths less than ~1.5 kKT.** In thermal equili-
brium, according to the equipartition theorem, a particle has
the same average energy associated with each independent
degree of freedom of their motion. Hence, the translational
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Fig. 10 (a) XDLVO analysis for the interaction between the marine
species Nannochloropsis sp. with bare-IONPs and SF-IONPs. The well
depth of secondary minimum predicted for each case is —0.90 kT (bare-
IONPs) and —1.94 KT {SF-IONPs). (b) Separation efficiency of Nanno-
chloropsis sp. under LGMS at different dosages.
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kinetic energy possessed by a free particle is equivalent to
3/2 KT (<Eyineuc> = 1.5 KT). The overall attractive interaction
between the IONPs and microalgal cells need to overcome this
energy for binding to happen. The results shown in Fig. 10a
and b are nicely aligned with this classical prediction and
provide a proper guideline for magnetic seeding of microalgal
cells. Under this principle, particle attachment could only
happen if the particle-to-cell interaction achieved a well-depth
of secondary minimum beyond 1.5 kT under XDLVO analysis.
Even though the magnitude of attractive interaction is weak
for the case of bare-IONPs on Narnochloropsis sp., magneto-
phoretic separation of this species of microalgae can still be
implemented by increasing the particle concentration. Since
the electrostatic interaction within seawater is relatively weak,
as suggested by our previous XDLVO analysis, we hypothesized
that the vdWw and AB interactions should play a major role
here. Moreover, the high concentration of particles enables the
cells and bare-IONPs to collide more frequently, hence increas-
ing the probability of particle attachment. Fig. 10b shows that
a separation efficiency of Nannochloropsis sp. up to 80.22 +
10.57% can only be achieved with a particle-to-cell ratio of
2.11 g g~* (see ESI Fig. S10%). By taking the density of iron
oxide at 4.95 g cm™ and the mean diameter of the particles as
25 nm, we estimated that there are around 1.74 x 10"? particles
per cell.

By referring back to the case of Chlorella sp. with bare-
IONPs, the net repulsive interaction predicted by the XDLVO
theory has suggested that under all circumstances, even at
high particle concentrations, there should be no particle
attachment, and hence no microalgae separation. Our results
confirmed this observation (ESI Fig. S11t) and verified the
critical need to take into account AB interaction in predicting
the particle-to-cell interaction. Moreover, the vdW and AB
interactions should be taken into account to predict the effec-
tiveness of particle-to-cell attachment in seawater without the
need to consider the ES interaction due to the Debye screening
effect.”® From all the data presented, magnetophoretic separ-
ation can be implemented successfully as long as the particles
attach. This finding makes the prediction of particle attach-
ment, such as discussed in this work, crucial for the
implementation of magnetophoretic separation of microalgal
cells.

4 Conclusions

XDLVO analysis can be employed as a very useful mathemat-
ical analysis to predict the successful IONP attachment onto
the microalgal cells, either in freshwater or seawater. In fresh-
water, the effectiveness of the particle-to-cell attachment is
always governed by ES interaction, in which this interaction is
strongly affected by the surface zeta-potential. The AB inter-
action between Chlorella sp. and bare-IONPs/SF-IONPs has a
shorter interaction distance than ES interaction. The XDLVO
analysis has predicted a net repulsion between Chlorella sp.
cells and bare-IONPs while predicting effective attachment of

This jourrial is © The Royal Society of Chermistry 2014
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SF-IONPs onto cell surface with a secondary minimum of
—3.12 KT, which is in accordance with our experimental obser-
vation. In geawater, the AB interaction playe a pivotal role in
determining the net interaction between the cells and IONPs.
High ionic strength suppresses the Debye screening length of
the charged particles and induces a relatively short length for
ES interaction, between cells and IONPs. This observation is
beneficial for the design of an effective protocol to promote
particle detachment from cell surfaces, which would greatly
improve the reusability of the IONPs for subsequent separation
cycles. The XDLVO theory has predicted the presence of a sec-
ondary minimum with a well depth of —1.94 KT, which is
mainly dominated by the vdW interaction, and followed by a
strong hydrophilic repulsion (U,g) for the case of marine
species Nannochloropsis sp. cells interact with SF-IONPs in sea-
water. Under this scenario, 97.90 + 0.27% of cells were
magnetophoretically separated at a particle dosage of 0.42 g
particles per 1 g dry biomass. This prediction is strongly
related to the less hydrophilic surface of Nannochloropsis sp.
We anticipate that the XDLVO analysis presented here can be
employed to aid the process of (1) selecting an appropriate
molecular binder for surface functionalization of IONPs,
which subsequently promotes particle attachment onto micro-

algal cells, and more importantly, (2) predicting the successful

implementation of magnetophoretic separation without the
need to conduct tedious and lengthy experiments.
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Magnetophoretic separation of Chlorella sp. microalgal biomass is proven to be a feasible downstream
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Introduction

Recently, magnetophoretic separation of microalgae has been
widely investigated from different perspectives.**® This idea was
first introduced in the mid 1970s.”* Initially, it was presented
as an effective water treatment technology, in which removing
microalgae blooms from water resources is crucial to avoid
eutrophication. With the pressing need to find alternate options
to replace fossil fuel, microalgae has gained popularity as
potential new generation biofuel resource to combat the energy
crisis.’® Microalgae is widely accepted as the only non-edible
feedstock that is capable of delivering high oil yield up to 14 641
gallons acre™ to cope with energy demand and at the same
time fulfill the sustainability requirement.**** In prediction,
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tendency to be internalized into Chlorella sp. cells but not affect the biofuel quality.

biofuel production technology based on microalgae could reach
maturity stage within another 10 to 15 years.™

Magnetophoretic separation is one of the most promising
approaches for harvesting microalgae since the utilization of
iron oxide nanoparticles (IONPs) are both technically’® and
economically’ competent to remove the suspended cells from
surrounding media. For this separation technique to work
effectively, the IONPs are first attached to microalgal cell mainly
through polymeric binders. Later, an externally applied
magnetic field, either operated at high gradient (VB > 1000 T
m™") or low gradient (VB < 100 T m "), is introduced to induce
further separation. This method is scalable, less energy inten-
sive, highly selective with separation efficiency up to 99% but
requires only small land area.*'®

Multiple options are available to tag biological compounds
with naked-IONPs,"” and the most popular and straight forward
way is the use of cationic polyelectrolyte as binding agent.
Common tagging strategies involved polyelectrolyte can be
implemented either through (1) attached-to or (2) immobilized-
on methods.»"” For the attached-to approach, the cells are first
coated by polymer binder followed with the attachment of
naked-IONPs. For the immobilized-on approach, the naked-
IONPs are surface functionalized with polyelectrolyte binder
first and then attached on cell surface, In a formal approach,
main problem arises as the naked-IONPs could not achieve
good dispersibility and tend to aggregate into large particle
clusters induced by Van der Waals and magnetostatic attrac-
tion.”™" Large aggregate of naked-IONPs which bind to the cell
surface can be easily detached due to the high shear stress
created during magnetophoretic migration.?® In addition, rapid
aggregation of IONPs prior to their attachment onto microalgae
cells would significantly lower the particles-to-cells ratio and
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greatly suppressed the separation efficiency. On the other hand,
the immobilized-on approach is preferred as the polymer
coating on the particle's surface will form an electrosteric
barrier to enhance its colloidal stability prior to it attachment
onto the microalgae cells.** In addition, the electrosteric
hindrance layer formed also guarantees the well distribution of
the nanoparticles tagged on cell's surface, which eventually
promotes better cells separation efficiency.

In order to fully realize the application of magnetophoretic
separation for biofuel production, further study on impacts of
nanomaterials toward the quality of biofuel produced is
necessary. Nanoparticle with size less than 100 nm is unique
with its large surface to volume ratio and the availability of
abundant active sites.**** Surface property of the nanopatticles,
such as charges carried and chemical reactivity,” governs the
surface interaction and mobility, which could lead to health and
environmental hazards.** A stable colloidal suspension of
nanoparticles resulting in high occurrence rate of interaction
between individual nanoparticle with microalgae, may lead to
uptake by the microalgae cells or cause toxic effects.”” However,
certain microalgal strains like Scenedesmus sp. and Chlorella sp.
suffered from growth inhibitory when the microalgae cultures
are exposed to aluminum oxide nanoparticles (d < 50 nm) for 72
hours. This condition is mainly caused by the shading effect of
nanoparticles that accumulate on cell surface and inhibit the
photosynthesis activity.” From the existing literatures, the
cytotoxicity of single-walled carbon nanotube® and fullerene®
nanoparticles can be minimized significantly through surface
functionalization, where the cytotoxic response decreased down
to seven orders of magnitude for the case of fullerene (~60 nm).
However, the side effect(s) arises from the interaction of IONPs
with microalgae cells still remains unknown. Two key questions
need to be addressed here: (1) do the IONPs used as tagging
agent only attached onto the microalgal cell's surface with or
without internalization, and, (2) do the addition of IONPs
during the biomass collection influence the quality of oil
collected? The answer for the first question provides a guideline
to design surface functionalization strategy which is crucial in
determining the success or failure of the magnetic separation of
microalgae. Whereas, the answer to the second question is
directly related to the engineering practicability of magnetic
separation in harvesting algal oil.

There are several illustrations, on both low gradient magnetic
separation (LGMS) and high gradient magnetic separation
(HGMS) under different operational condition, which provide
various ways to harvest magnetic colloid from the suspen-
sions.’*** In this study, LGMS is chosen based upon the simple
fact that as long as we could impart magnetic properties to the
none-magnetic microalgal cells, such as illustrated in Fig. 1, the
subsequent introduction of magnetic field would induce cells
separation. The application of LGMS for microalgae separation,
sharing the exact analogy as in Fig. 1, has been extensively
studied recently."*** Nevertheless, cost involved is the main
deciding factor in the selection of magnetic separation scheme
for microalgae harvesting.* Other important considerations such
as high separation efficiency, minimum environmental impacts,
ease of operation, high through-put and capable to handle large
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SF-IONPs-attached-cells cluster

Fig. 1 Schematic diagram shows the movement of SF-IONPs-
attached-cells cluster toward the magnet with respect to the distance
from the permanent magnet during LGMS.

quantity of feed solution are all vital in designing magnetic
separation system for large scale biofuel production.

In this work, we studied the real-time kinetic behavior of
magnetophoretic separation of Chlorella sp. and the bio-inter-
action between the Chlorella sp. and SF-IONPs under LGMS.
Transmission electron microscope (TEM), scanning electron
microscope (SEM) and Fourier transforms infrared (FTIR) spectra
analysis are employed to probe the attachment of SF-IONPs onto
microalgal cells. Moreover, the impact of naked-IONPs/SF-IONPs
on the quality of extracted oil is verified by gas chromatography
mass spectrometry study (GCMS). A custom-built optical sensing
system (also see Fig. S1{) was employed to probe the separation
kinetic of the magnetic colloid and measure the overall separa-
tion efficiency, while the UV-vis spectrometer was employed to
measure the specific cell separation efficiency.

Experimental
Materials

Iron oxide nanoparticles (IONPs) were obtained from Nano-
structured & Amorphous Materials, Inc. Low molecular weight
chitosan powder (75-85% deacetylated) was supplied by Sigma-
Aldrich Chemistry. Hydrochloric acid was purchased from PC
Laboratory Reagent. Chloroform and n-hexane were obtained
from Merck KGaA, Germany, while the methanol was obtained
from Fisher Scientific UK Limited. Deionised water was
obtained by reverse osmosis and further treated by the Milli-Q
Plus system (Lillipore) to 18 MQ cm resistivity.

Culture and characterization of Chlorella sp.

The Chlorella sp. strain was obtained from School of Biological
Sciences, USM. The cells were cultivated in 500 mL conical flask
that contained 250 mL Bold's Basal Medium (BBM) under
continuous illumination at 2000 lux and 25 °C. The medium
and flask were sterilized at temperature of 121 °C for 15 minutes
before cell cultivation. Continuous aeration was provided for
the culture medium throughout the cultivation period. The cell
counting was conducted by haemocytometer and the desired
cell density was achieved with appropriate dilution using the
supernatant of centrifuged medium.

Preparation and characterization of surface functionalized
iron oxide nanoparticles (SF-IONPs)

In this work, attached-to approach was employed to form
attachment between the IONPs and cells.> The naked-IONPs
used are spherical in shape with dimension of 20-30 nm in

RSC Adv, 2014. 4. 4114-4121 | 4115



RS(.: Advances

sdiameter (Fig. 2a). The chitosan solution was prepared by
dispersing 0.02 g of the dry chitosan powder into 10 mL of acetic
acid solution with concentration of 1 wt% in DI. The solution was
left for one day to achieve complete dissolution. Then a total of 2
mL naked-IONPs dispersion at concentration of 1 g L™" was
added into the chitosan solution and then sonicated with using
low power bath sonicator (40 kHz) to avoid degradation of
polymer molecular weight. The solution was then left on the end-
to-end rotating mixer at 40 rpm overnight. After successful
surface functionalization of IONPs, a permanent magnet was
used to collect the SF-IONPs. The supernatant with freely sus-
pended chitosan was discarded while the SF-IONPs were again
dispersed in 2 mL deionized water. This washing step was
repeated for three times to ensure full removal of free chitosan
molecules. Electrophoretic mobility and the hydrodynamic
diameter of SF-IONPs were measured (Malvern Instruments
Nanosizer) before and after the surface functionalization with
difference chitosan polymer concentration. For every separation
study, 2 mL of SF-IONPs was added into 8 mL cell medium to
form 10 mL suspension, which followed with hand shaking for 30
seconds to ensure uniform mixing between the particles and
cells. The mixture was then left for another 30 seconds before
being used for magnetophoretic separation study. These two
steps contribute to the total incubation time of one minute.

Attachment of SF-IONPs to Chlorella sp.

The linkage between Chlorella sp. and SF-IONPs was promoted
through simple mixing. The physical attachment of particles

Paper

onto cell's surface was identified through transmission electron
microscope (TEM). Scanning electron microscope (SEM),
Fourier transforms infrared (FTIR) spectra analysis were per-
formed after the sample was freeze dried. Scanning Trans-
mission Electron Microscope together with Energy-dispersive
X-ray spectroscopy (STEM-EDX Mapping) mapping was
employed to determine the iron (Fe) element distribution
within the cell.

Magnetic separation of SF-IONPs-attached-cells

Magnetophoretic separation of Chlorella sp. was carried under
low gradient magnetic separation (LGMS) with a NdFeB
permanent magnet in inhomogencous magnetic field where VB
<80 Tm™" (see Fig. S1af). The custom made cuvette used in this
study with the dimension of 2 cm x 2 cm (width x depth) was
selected to ensure the LGMS process happened within the
effective magnetic field range of the NdFeB magnet. The cell
separation performance was recorded at 6 minutes separation.
The absorbance of the sample was measured spectrophoto-
metrically by UVmini-1240 Shimadzu at the wavelength of 660
nm (measured by Agilent Technologies Carry 60 UV-vis). The
cell separation efficiency was determined as

Iy —I(1)

Cell separation efficiency(%) =
(| Ir.cnlrifugcd

x 100% (1)
where Iy, I(t) and lcenuifugea are the absorbance intensity of
microalgal suspension initially, during magnetophoretic sepa-
ration at time ¢ and the clear centrifuged sample respectively.
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Fig. 2 Transmission Electron Microscopy (TEM) images of (a) naked-1ONPs, (b) Chlorella sp. cell when mixed with naked-IONPs, (c) SF-IONPs-
attached-cells, and the flocculation of SF-IONPs-attached-cells (d) and (e) without and (f) with magnet is introduced. (g) Observation of
magnetophoretic separation performance of Chlorella sp. cells after the introduction of naked-IONPs and SF-IONPs into each sample
respectively. (h) Quantitative curve for the kinetic separation of Chlorella sp. (3 x 107 cells mL™Y) after added with 300 mg L * SF-IONPs in real
time through LGMS for 20 minutes. Curve (ii) shows the lag stage of the magnetophoretic separation that occurred in first few second. Image
observation of the real time magnetophoretic separation of Chiorella sp. after added with 300 mg L~ SF-IONPs is attached.
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However, the kinetic of overall separation in real time and
overall separation efficiency were quantified through the self-
developed optical light intensity sensing system (LDR setup).
The LDR setup (see Fig. S1bt) was connected to a data recorder
for automatic data recording purpose. The overall separation
efficiency was determined as

Vo — V(1)

x 100% (2
7 )

Overall separation efficiency(%) =
centrifuged

where Vo, Wt) and Vienuifugea are the voltage recorded of
microalgal suspension initially, during magnetophoretic sepa-
ration at time ¢ and the clear centrifuged sample respectively.

0il extraction from Chlorella sp.

Oil extraction was carried in two steps, lipid extraction and
transesterification. Lipid extraction was performed by adding
5.5 mL of distilled water to the freeze dried biomass inside a
tube and sonicated for 5 minutes. Chloroform and methanol at
ratio of 5.5: 6 : 6 (distilled water-chloroform-methanol) were
then added into it together with a stirring magnet. The tube was
capped and maintained at 60 °C water bath and stirred at 500
rpm for 24 hours. The extracted solution was centrifuged at
3000 rpm for 2 minutes to form two separate layers. The bottom
layer that contained lipid and chloroform was collected and
then evaporated to dryness under nitrogen.

Transesterification was carried out to obtain the fatty acid
profile analysis. The dried lipid was dissolved with 5 mL hexane
solvent and transfer into a tube. Methanol and hydrochloric
acid (HCI) were then added into the solution at ratio of
5:4.25:0.215 (hexane-methanol-HCI). The tube was capped
and maintained at 85 °C in a water bath follow by constant
stirring at 500 rpm for 2 hours. The reacted mixture was
centrifuged at 3000 rpm for 2 minutes to form two separate
layers. The top layer was collected. The fatty acid profile was
measured by using gas chromatography mass spectrometer
(GCMS) equipped with OmegawaxTM 250 fused silica capillary
column with 30 m x 0.25 mm x 0.25 pum film thickness and
helium gas as the carrier at a flow rate of 1 mL min~*. The
GCMS was operated at initial temperature of 80 °C with initial
time of 1 minute. The temperature was elevated at rate of 8 °C
min~? to final temperature of 230 °C on 25 minutes. The
injection temperature was 250 °C and detector temperature was
260 °C. The oil profiles of Chlorella sp. under different condition
were compared.

Results and discussion
Magnetophoretic separation of Chlorella sp.

Magnetophoretic separation of Chlorella sp. was achieved by an
externally applied low gradient magnetic field (VB < 80 Tm™)
from a cylindrical NdFeB magnet (also see Fig. S1at). Accord-
ing to Fig. 2g, microalgal cells registered low separation
efficiency, at about 6.20 % 0.60% (also see Table S1t) if naked-
IONPs was used without the presence of binding agents.
However, with the introduction of SF-IONPs, the previously
greenish microalgal sample became crystal clear at the end of
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the separation, with total separation efficiency at 95.61 =+
0.63%. This observation has proven the critical role of binding
agent to ease the attachment of SF-IONPs onto the non-
magnetic Chlorella sp. microalgae and promoted rapid
separation. Hypothetically, the attachment of SF-IONPs, with
electrophoretic mobility at 3.533 £ 0.333 um em V™' 57!, on
negatively charged Chlorella sp. (electrophoretic mobility at
—2.353 % 0.562 pm cm V™' s77) (Table $2%) is mainly through
the electrostatic interaction. The failure of IONPs (—2.041 +
0.476 pm cm V' s7%) to bind with cells is caused by the elec-
trostatic repulsion experienced by two negatively charged
species. As shown in Fig. 2b, there is no obvious attachment of
naked-IONPs onto Chlorella sp., even with the extension of
mixing period for 2 hours. Under this scenario the recorded cell
separation efficiency is only at 7.96 & 0.2%. While in Fig. 2c¢, it is
clearly showed that SF-IONPs are attached onto the cell surface.
Rapid aggregation of the SF-IONPs-attached-cells can be
observed to occur right after the successful SF-IONPs attach-
ment. This process is mainly driven by two aggregation mech-
anisms: (i) microalgal cells which are decorated by limited
number of SF-IONPs formed small cell-particles clusters due to
inter-particles Van der Waals and magnetostatic interaction.'”
This cell-particles clusters then (ii) further aggregated into
larger group through bridging flocculation between the
extended chitosan polymer binder, as showed in Fig. 2d.3¢”
When SF-IONPs-attached-cells are formed, this overall structure
may reach net charge neutralization as the combining effect of
charged group from both SF-IONPs and microalgal cells (Table
S21). Net charge neutralization effect is proportional to the
increment of chitosan dosage coated on the surface of SF-IONPs
(Table S3f). Under this condition, electrosteric repulsion
between SF-IONPs-attached-cells is far more weaker than those
between the SF-IONPs, in which the electrosteric layer of chi-
tosan guarantees the dispersibility of SF-IONPs. Hence the van
der Waals and magnetostatic interactions would overcome the
weakened electrosteric repulsion between the cell-particles
clusters, and at the minimal separation distance bridging floc-
culation occurred.®” However, it should also be noted that the
electrostatic interaction can also occur on the SF-IONPs-
attached-cells with another free cell (Fig. 2€), where the binding
agent on the surface of SF-IONPs-attached-cells is experiencing
extended conformation.*®

Binding agent, such as chitosan, not only determine the
success or failure of the magnetic separation of microalgal cells,
but also dictating the rate at which the SF-IONPs-attached-cells
can be separated out from culture broth. For this purpose, the
kinetic of microalgae magnetophoretic separation in real time
under LGMS was investigated by a light dependent resistor
(LDR) based sensing system (a cartoon of complete setup can be
found in Fig. §11)." Fig. 2h showed the temporal evolution of
microalgal separation throughout a time course of 20 minutes.
There was a lag phase with very short time duration (<7 seconds)
at the beginning of separation right after the inhomogeneous
magnetic field was introduced (Fig. 2h(ii)). This time lag was
mainly due to the way NdFeB magnet is being introduced, with
association to the point where we started our LDR sensor, for
signal recording. The extended time lag as suggested by
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*Benelmekki and coworkers in which the SF-IONPs have gone
through certain degree of flocculation either during or after the
attachment onto microalgal cells were not observed on the
separation kinetic graph.*® It is very likely that most of the SF-
IONPs have already aggregated on the surface of microalgal cell
during the incubation period before the introduction of
magnetic field. The presence of these aggregated SF-IONPs-
attached-cell clusters further enhance the magnetophoretic
collectability of the microalgal cells and contribute to the rapid
collection right after the magnetic source is introduced. The
suspension turned transparent progressively and became
crystal clear at the end of the experiment. Consistent with our
separation efficiency measurement (Fig. 2h), rapid collection of
SF-IONPs-attached-cell happened in the first two minutes with
the previously dark brown suspension becomes almost color
free. By varying the concentration of SF-IONPs employed from
25 mg L™" to 800 mg L™ (see Fig. S21), we found out that
working concentration at 300 mg L™ gives the best separation
efficiency in relatively shorter timescale. This concentration
translated to particle-to-cell mass ratio of 1.58 g g™*.

Under LGMS with homogeneous magnetic field, aggregation
process is specifically known as “field-induced-aggregation”.*®
This observation can also be generalized to LGMS taken place in
inhomogeneous magnetic fielnd.'® Fig. 2f showed the TEM
image of the SF-IONPs-attached-cells cluster formed by field-
induced-aggregation, where the SF-IONPs-attached-cells were
clumped together to form unidirectional linked structure.? We
anticipated that this structure is formed during their migration
toward the magnetic field source as they aligned with the
magnetic field line.*® The rapid separation achieved in our study
is very likely caused by (1) enhanced magnetoshape anisotropy
of this structure (Fig. 2f),? and also, (2) low viscous drag expe-
rienced by this structure during magnetophoresis when
compared with more compact, spherical aggregate structure as
shown in Fig. 2d.*° The number of freely suspended magnetic
colloids was reduced with time as they continuously attached
onto the microalgal cells and caught-up in the sweeping flow of
SF-IONPs-attached-cells along their magnetophoresis pathway.
Since large particles-cell aggregates are much more magneto-
phoretically responsive, hence, they tend to be collected first.
Under this condition, the size distribution of SF-IONPs-
attached-cells aggregate is narrowing down with time in accel-
eration phase with the remaining of small aggregates left in
suspension. This phenomenon provides reason for the decre-
ment of cell separation rate over time and also the prolonged
collection time during the stationary phase. The collection time
could be decreased by increase the concentration of SF-IONPs
(also see Fig. S21).

Chlorella sp. cell surface examination

Hypothetically, the cationic chitosan polymer was needed to
promote the attachment of negatively charged IONPs onto the
Chlorella sp. cell through the electrostatic interaction. From the
FTIR spectra analysis (also see Fig. S31), Chlorella sp. cell con-
tained ~COO~, -COOH, and ~OH functional groups and C=0
and N-H bonds while the SF-IONPs contained -NH,*, -OH
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functional groups and -NH bonds. The main interactions
contributed to form SF-IONPs-attached-cells are electrostatic
interaction between different charge active sites, protonated
amino functional groups on SF-IONPs and deprotonated
carboxylic functional groups on Chlorella sp. cells. Besides, we
hypothesized that hydrogen bonding between the hydrogen
bond donors (~OH, -NH) and acceptors (C=0) that are avail-
able on both surface of Chlorella sp. cells and SF-IONPs can also
be important to promote the linkages between the SF-IONPs
and microalgal cell.

The typical SEM micrographs for the collection of Chlorella
sp. cells prepared under different conditions, as illustrated in
Fig. 3, have provided some insights and supporting fact for this
hypothesis. After centrifugation (Sample A), cells were closely
packed. If only chitosan was introduced into cell medium, the
centrifuged biomass composed of cells which were linked
together (Sample B) with the formation of highly porous
arrangement.*** This feature of chitosan making it one of the
most widely used flocculant for water treatment application.*>*?
Sample C showed the cells surface is free from the attachment
of naked-IONPs. From Sample D, after the magnetic separation
under low field gradient, SF-IONPs were still well distributed
and attached on almost every cells surface but not as ordered as
the centrifuged cells. The gaps available between the SF-IONPs-
attached-cells are partially filled with particles-polymer matrix,
forming a three dimensional structure.*” In short, the chitosan
play important roles (i) as stabilizing agent to ensure the
colloidal stability of SF-IONPs prior to attachment, (ii) as
binding agent to promote the adhesion of SF-IONPs onto cells
surface, and also, (iii) as bridging agent to enhance flocculation
of SF-IONPs-attached-cells in order to achieve rapid magneto-
phoretic separation under low magnetic field gradient. In most
likelihood, this loosely bound porous structure as shown in
Sample D might formed through magnetic field induced
aggregation and is the main reason for rapid cooperative mag-
netophoresis as observed in Fig. 2h.

Chlorella sp. cell interior examination

Cells interior examination is essential to study the bio-distri-
bution of IONPs inside the cells which eventually might influ-
ence the biofuel quality produced. The cross-sectional TEM
micrographs of Chlorella sp. (Sample A in Fig. 3) shows it has a
pretty simple cell structure. After cells were exposed to naked-
IONPs for 2 hours (Sample C), the naked-IONPs had the
tendency to enter the cells. After surface functionalization, the
internalization of SF-IONPs (TEM micrographs of Sample D in
Fig. 3) is majorly promoted by the aid of surface interaction with
the cell surface. The internalization of naked-IONPs (Sample C)
and SF-IONPs (Sample D) was further confirmed through the
element mapping of Fe by STEM-EDX as shown in Fig. 3. The
internalization of IONPs may be through a passive uptake or
adhesive interaction. Even though the entire internalization
process is not fully understood, however, it would be very likely
initiated by collision of nanoparticles with cell surface and also
the direct electrostatic attraction of SF-IONPs on cells.*
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Fig. 3 Scanning electron microscope (SEM) of Chlorella sp. cells from different collection method (Sample A) Chlorella sp. cells obtained from
centrifugation, (Sample B) Chlorella sp. cells obtained after exposure to chitosan polymer (Sample C) Chlorella sp. cells obtained after exposure
to naked-IONPs collected via centrifugation and (Sample D) Chlorella sp. cells with SF-IONPs collected from LGMS. Transmission electron
microscopy (TEM) is employed to capture the images of the cross-sectional view of (Sample A) Chlorella sp. cells, (Sample C) Chlorella sp. cells
after exposure to naked-lIONPs, and (Sample D) Chlorella sp. cells with SF-IONPs collected from LGMS. Element mapping of Fe by Energy-
Dispersive X-ray spectroscopy (EDX) is employed to confirm the internalization of Fe into the cells.

Most of the commonly found nanomaterials, such as carbon
nanotube,*® Al,03,* CuO, ZnO and TiO, (ref. 47) nanoparticles
are potentially toxic to microalgae. The inhibition of microalgae
growth with the presence of nanomaterials has been reported
elsewhere,*” and the potential toxic mechanism can be due to
oxidative stress, agglomeration and physical interactions,
sequestration of nutrient elements, and/or shading effects.
From our experiment, approximately 50 mg L™' of naked-
TONPs/SF-IONPs is sufficient to suppress the growth of Chlorella
sp. (Fig. S4at). The supporting result in Fig. S4bt showed that
for the case of naked-IONPs the growth inhibition (see ESI{ for
detail description) of cells always maintained at less than 40%
without further increment. While for the case of SF-IONPs, the
growth inhibition has dropped to about 10% only. In both
cases, the cell culture only suffered from slower growth kinetic

without obvious reduction of cell density. This observation has
in turn proven that the major inhibition effect is due to light
shading rather than permanent damage onto cell membrane
and DNA (which would kill the cells permanently and wipe up
the entire microalgal colony).* In magnetophoretic separation,
SF-IONPs are only being introduced into the microalgal
medium during the harvesting day (at day 10th). The adverse
cffcet of IONPs toward thc oil yicld of microalgal i3 negligible
since the algal oil has been produced during the cells growth
before the magnetic separation and harvesting were carried out.
The fatty acid profile analysis were carried out to confirm our
hypothesis with regards to this matter and the results were
tabulated in Table 1. Several different types of fatty acid were
found to be present in the Chlorella sp. cells ranging from C12
to C22.%" However our study concentrated on the 3 major fatty
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»Table1 Fatty acid methyl ester (FAME) content of the oil extracted from (Sample A) Chlorella sp., (Sample B) Chlorella sp. exposed to 300mglL™?
chitosan, (Sample C) Chlorella sp. exposed to 300 mg L ! naked-IONPs, and {Sample D) SF-IONPs-attached-celis collected from LGMS. The

value after plus-minus sign is the standard error of 3 replicates’

Percentage (% of total fatty acid)

Fatty acid A B - C D

S°c16 37.1+5.8 39.9 = 0.8 33.0 5.7 36.4 £ 5.5
S ci8 37.3+4.3 319+ 2.3 308+7.1 35.0+ 3.4
3-c20 11.7 £ 1.1 8.1+ 3.8 8.7 £ 3.9 6.9 & 3.3
3 -Saturated (SFA) 16.0 £ 7.3 30.4 £ 8.1 247 £ 2.2 272+ 04
Y Mono-unsaturated (MUFA}) 9.0+ 0.8 10.2 £ 0.5 9.2 15 11.0 £ 0.3
Y _Di-unsaturated (DUFA) 478 +4.8 35.4+6.3 36.7 £ 3.1 374133
Y Poly-unsaturated (PUFA) 27.2 £ 3.4 241+ 1.5 294 + 3.7 244+ 3.3

? ANOVA analysis verified the homogeneity of variances on the total fatty acid content (value reported in the same row) within each group of fatty

acid.

acid present in the cells which are the C16, C18 and C20. The
).C16 and ) C18 fatty acids were found to make up to about
74.4%, which was approximately three quarter of the total fatty
acid accumulated in the cells. The third highest fatty acid,
$°C20, was about 11.7 + 1.1% in the control group (Sample A).
The results of fatty acid profile were compared with Chlorella sp.
cells exposed to 300 mg L™ chitosan (Sample B), 300 mg L™
naked-IONPs (Sample C) and SF-IONPs-attached-cells collected
from LGMS (Sample D). The analysis of variance (ANOVA)
carried out among the tested samples indicated that there is no
significant difference in the fatty acid content in the Chlorella
sp. cells subjected to different treatments. The percentage ratio
of 3°C16 and Y C18 remains unchanged at around 1: 1. The
exposure of the Chlorella sp. cells to chitosan, naked-IONPs and
as well as SF-IONPs were also statistically found not to affect the
saturation of the fatty acids accumulated in the cells. The
S unsaturated fatty acids (UFA) comprising of the mono-
unsaturated (MUFA), di-unsaturated (DUFA) and poly-unsatu-
rated (PUFA), were naturally the highest amounting to about
84.0 = 7.3% as compared to the )_saturated fatty acid which are
around 16.0 + 7.3%.% Moreover, the oxidation of UFA may
happen with the presence of transition metal/metal oxide
catalysts.* Oxidation will occur at carbon-carbon double bond
of unsaturated fatty acid and hence result in partial/complete
cleavage of the double bond to form mono/dicarboxylic acid.
The exposure towards chitosan and even with nanoparticles
internalization (with and without surface functionalization)
does not seem to affect the quality of fatty acid extracted from
the Chlorella sp. cells before and after exposure to the polymer/
naked-IONPs/SF-IONPs. This indirectly proved the reliability of
magnetophoretic separation as an effective tool in microalgal
biomass harvesting as the feedstock for biofuel.

Conclusions

Our experimental findings on the bio-interaction and the bio-
distribution of the IONPs toward the microalgal cells have
sketched the real picture about the interaction between the
magnetic nanoparticles and the tagged cell. Kinetic study in real
time has explained the transient behavior of SF-IONPs tagged
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cell in response to low gradient magnetic field. In particles
attachment study, the electrostatic interaction plays a major
role to bind the IONPs with Chlorella sp. together by using
polymer binder. Although internalization of the SF-IONPs was
witnessed, this scenario did not cause any adverse effects
toward the quality and quantity of extracted lipid. These
encouraging outcomes prove the reliability of magnetophoretic
separation for microalgal biomass collection and can be
implemented as an effective downstream process for biofuel
production.
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Magnetophoresis of iron oxide magnetic nanoparticle (IOMNP) under low magnetic field gradient
(<100 T/m) is significantly enhanced by particle shape anisotropy. This unique feature of magnetophoresis
is influenced by the particle concentration and applied magnetic field gradient. By comparing the
nanosphere and nanorod magnetophoresis at different concentration, we revealed the ability for these
two species of particles to achieve the same separation rate by adjusting the field gradient. Under
cooperative magnetophoresis, the nanorods would first go through self- and magnetic field induced aggre-
gation followed by the alignment of the particle clusters formed with magnetic field. Time scale associated
to these two processes is investigated to understand the kinetic behavior of nanorod separation under low
field gradient. Surface functionalization of nanoparticles can be employed as an effective strategy to vary
the temporal evolution of these two aggregation processes which subsequently influence the magnetoph-
oretic separation time and rate.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Iron oxide magnetic nanoparticles (IOMNPs) have been used
extensively in processes ranging from biomedical [1-3] to environ-
mental waste and pollutant removal [4-6]. There are several
advantages exhibited by IOMNP which make them a unique
nano-agent for aforementioned applications, such as high specific
surface area |7], catalytically active [8], magnetically responsive
[9], optically tunable [10], and can be easily synthesized by a large
selection of chemical and physical methods [2,6]. Out from all
these features of IOMNP, the ability of this particle to response to
an externally applied magnetic field is crucial for its application
in separation processes [11,12]. Here, IOMNPs are typically being
employed to imparting a paramagnetic dipole moment to the
targeted non-magnetic compounds. These IOMNPs tagged com-
pounds become magnetically susceptible and can be separated
out from solution through magnetophoretic collection.

Under the influence of a magnetic field, the IOMNPs would
migrate toward the region where the field gradient is the highest
[13]. This motion of particles relative to their surrounding fluid is
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known as magnetophoresis. The ability to capture the IOMNPs
from suspension media sets the foundation for various magnetic
separation technologies and its core working principles under high
gradient (VB> 1000 T/m) [14] and low gradient (VB < 100 T/m)
[15] magnetic field have been actively studied. Traditionally, the
removal of magnetic nanoparticles (plus all the magnetically
tagged compounds) in solution is carried out through high gradient
magnetic separation (HGMS). This HGMS technology has been
successfully employed for various applications and is capable to
capture particles with sizes from microns to tens of nanometers
[16]. However, two major drawbacks of HGMS are (1) high initial
investment cost to setup automated separator (17}, and (2) inho-
mogeneous magnetic field associated to the operational of HGMS
make it difficult to develop numerical and/or analytical solutions
to aid the design of a separation process used for specific applica-
tions [18].

On the other hand, low gradient magnetic separation (LGMS)
does not involve the use of loading matrix. A nice review article
on this topic is recently published by Faraudo and coworkers with
detail descriptions on fundamental physics involved | 19]. In short,
under LGMS the separation of magnetic nanoparticles is first dri-
ven by aggregation of particles by an externally applied magnetic
field, and later the particle clusters formed can be easily collected
through cooperative magnetophoresis [15,20,21]. Since LGMS of
IOMNPs is relying on the formation of particle clusters, hence, this
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process is highly concentration dependent [20]. It is anticipated
that the increment of particles concentration will lead to higher
collision frequency between the particles, and eventually, higher
change for the formation of particle clusters. Furthermore, the
chaining of particles due to magnetic dipole-dipole and hydrody-
namic interactions also play a significant role in LGMS as enhance-
ment factors to accelerate the collection of IOMNPs [21]. Besides,
our group has recently demonstrated the important of surface
modification in dictating the magnetophoretic separation rate
[22]. From our experimental results, the more colloidal stable the
IOMNP is, the harder it is to be magnetophoretically collected. This
observation can also be generalized to HGMS process [23].

In previous research on magnetic separation of [OMNPs, by
using either HGMS or LGMS, almost all the efforts were dedicated
to the understanding of magnetophoretic behavior of spherical
particles. Even though rod-like magnetic nanoparticles have been
used for various interesting applications [24,25], there are very
limited works have been done on the magnetophoresis of nanorod
that exhibit magneto-shape anisotropy [26]. Despite its interesting
and added benefits in rapid magnetic separation |12}, numbers of
uncertainties and issues remain unexplored related to the use of
magnetic nanorod for separation process. In addition, it is also
equally unclear about the contributing factors that would influence
the performance of magnetic nanorod in magnetophoretic separa-
tion. It is our interest in this paper to show the comparison of coop-
erative magnetophoresis for spherical and rod-like IOMNPs under
low gradient magnetic separation. By monitoring the migration
of iron oxide nanorod with respect to an externally applied mag-
netic field in two and three dimensional space, we investigate
the underlying mechanisms and time scale involved within each
stage of nanorod magnetophoresis. In addition, we also evaluate
the effects of particle concentration and magnetic field gradient
on the separation kinetics of nanorod. All these studies are impor-
tant to establish design rule for LGMS by using rod-like particles as
a magnetic tagging agent.

2. Experimental section
2.1. Materials

Iron oxide nanosphere, Fe;0,4 (APS, 98 + % purity) (Fig. 1a), was
purchased from Nanostructured & Amorphous Materials, Inc. Iron
oxide nanorods (Fig. 1b) employed in this work were generously
supply by TODA American, Inc. (refer to Fig. St of supporting infor-
mation for size distribution of these particles). The saturation mag-
netization M; for these two species of IOMNPs was measured

previously with value at ~90 emu/g and 74.61 emu/g for nanorod
and nanosphere, respectively | 12]. Water soluble cationic polyelec-
trolyte poly(diallyldimethylamonium chloride) (PDDA) with aver-
age molecular weight ~100,000-200,000 Da (20 wt.% in H,0) was
supplied by Sigma-Aldrich. Sodium chloride, NaCl used in zeta po-
tential measurement was purchased from Merck Sdn.Bhd. Cylin-
drical shaped N50-graded Neodymium Boron Ferrite (NdBFe) and
Aluminium Nickel Cobalt (Alnico) permanent magnet with
14 mm in diameter and 15 mm in length were purchased from
Ningbo YuXiang E&M Int'l Co., Ltd. The remanence B, for these
two magnets is 1.20 Tesla and 1.45 Tesla for Alnico and NdFeB,
respectively. All the chemicals were used as received without fur-
ther modification or purification.

2.2. Preparation of PDDA-coated IOMNPs

Suspension of IOMNPs at 1000 mg/L in deionized water was
prepared by ultrasonication to disperse the black powder obtained
commercially. At the same time, PDDA solution with concentration
at ~0.005 g/mL was prepared by addition of 1.25 mL of as accepted
PDDA solution into 48.75 mL of deionized water. This mixture was
immediately subjected to intermittent ultrasonication for at least
30 min to promote their dissolution and left overnight on an
end-to-end rotator with mixing rate of 40 rpm. This concentration
of PDDA is chosen to ensure the available PDDA molecules are at
least 500 times more than the estimated amount needed to torm
monolayer on the particles surface [23]. Before mixing, the IOMNPs
solution was subjected to intense sonication for 2 min. Drop wise
addition of IOMNPs suspension into PDDA solution was carried un-
der intense sonicafication within a sonicator bath. Successful
attachment of PDDA onto IOMNPs was verified by monitoring
the electrophoretic mobility changes before and after the PDDA
adsorption with Malvern Instruments Nanosizer ZS. By using the
same analytical equipment, the particles size distribution before
and after the PDDA attachment was measured through dynamic
light scattering method (see Fig. Sl in supporting information).

2.3. Monitoring magnetophoresis of [IOMNPs

A custom built optical sensing system was employed to obtain
the kinetic profile of IOMNPs under magnetophoresis [22].
Depends on the extent of light transmitted through the IOMNP sus-
pension, by using a light dependent resistor (LDR), we monitored
the voltage changes associate to the changes in intensity of
detected light from a light-emitting diode (LED). The wavelength
of the LED employed is at around 620 nm and the suspension

Fig. 1. Transmission electron micrographs of iron oxide (a) nanosphere and (b) nanorod used in this work.
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was confined within a standard rectangular 3.5 mL cuvette. These
measurements can then be translated into normalized opacity
0(t) at time t by following equation {15]:
V(t) — Vain

o) = TR (1)
where V(0) is the initial voltage readout at time zero, Vi, is the
lowest voltage registered and V(t) is the voltage output at time .
At 0(t) equal to one, the transmitted light is fully blocked corre-
spond to the full dispersion of the particles. Whereas, at (t) equal
to zero indicates full transmission of light due to the complete
magnetophoretic collection of the [OMNPs.

For optical microscopy monitoring is concerned, we used Olym-
pus BX53 microscope to record the magnetophoresis of [OMNPs.
CellSens Dimension imaging software was employed to capture
the brightfield images and the magnetophoretic pathway of parti-
cles was analyzed by using Image] software. In all microscopy
observation, NdFeB magnet was used to introduce magnetic field
into our system and was positioned at the upper left hand side of
the images (front left corner of the microscope) with separation
distance of less than 1 cm.

3. Results and discussions
3.1. Magnetophoresis of nanorod and nanosphere

Magnetophoresis of spherical (magnetic core diameter ~50 nm)
and rod-like IOMNPs (20 x 300 nm) induced by a cylindrical NdFeB
permanent magnet showed remarkably different kinetic behaviors
(Fig. 2). In general, nanorod takes significantly less time than nan-
osphere to be fully separated. This nanorod suspension turned
crystal clear at around 90 s after exposure to a permanent magnet.
Whereas, the light brown color of a nanosphere suspension can
still be observed after 180 s subjected to magnetophoretic separa-
tion. The experimental evidence that nanorods could be magne-
tophoretically collected much rapidly than nanosphere is
generally true for both species of particle with or without surface
coating. This scenario is mainly due to the fact that the magneto-
phoresis is favored in anisometric particles [27]. For low Reynolds
number (Re <« 1) magnetophoresis in a Newtonian fluid, by taking
into consideration of drag force, magnetophoretic force and shape
factor, the rod geometry gives almost 200 times higher magne-
tophoretic velocity compared to spherical structure with equiva-
lent volume [28]. In addition, the induced magnetic dipole

Fluctuation of magnetic dipole
due to rotational Brownian motion

| Thermal randomization

of magnetic dipole

pIay onaubepn

Magnetic dipole aligned

along the long axis Magnetoshape anisotropy of nanorod

caused stable magnetic dipole

Fig. 3. Alignment of magnetic dipole parallels to the external applied magnetic
field. For the case of spherical IOMNP, thermal randomization not only disrupts the
magnetophoretic pathway of the particles but also disorients its magnetic dipole
orientation within the magnetic field.

aligned along the long axis of nanorod (see Fig. 3) is more stable
[29], and hence, less susceptible to the thermal disruption [26,30].

For a spherical IOMNP, its steady state magnetophoretic veloc-
ity can be calculated as

Fini
Umag = W:]ER (2)

where 3 is the viscosity of the suspension and R is the radius of the
IOMNP. Fnq is the magnetophoretic force experienced by the [OM-
NP and can be defined as

Frag = (MV g - V)B 3)

where M is the field dependent magnetization, Vp is the magnetic
particle volume, and B is the magnetic induction. By taking a 30 nm
nanosphere exposed to magnetic field gradient (VB=100T/m)
from a NdFeB magnet like the one showed in Fig. 2, with the
assumption of its reached saturation magnetization, the calculated
magnetophoretic velocity u,. for none interacting particle is at
around 3.26 pm/s [30]. Even by overestimating the field gradient in-
volved, this calculated velocity is still too low to achieve separation
kinetic as observed in Fig. 2. With a total travelling distance of
25.4 mm (the diameter of the glass vial in Fig. 2), it will take
approximately 130 min for the non-interacting particle on the other
side of the vial to be magnetophoretically collected. So in most

:1
3
§

Naked
Nanorod

Naked

Coated Coated
' Nanosphere, Nanorod |Nanosphere

Fig. 2. Temporal evolution of suspension opacity for spherical and rod-like IOMNPs before and after surface functionalization by PDDA under the influence of a NdFeB

cylindrical magnet. All particle concentration is at 50 mg/L.
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likelihood, the IOMNPs have to undergo certain level of interactions,
forming large magnetic clusters and migrate cooperatively towards
the permanent magnet [15,21]. This hypothesis can be further con-
firmed with the magnetophoresis experiment as depicted in Fig. 2.
According to the magnetophoresis experiments shown in Fig. 2, the
major difference between surface modified and none surface mod-
ified particles is in the previous case the magnetophoretic collection
time increased quite drastically for both nanorod and nanosphere.
At the end of the experiment, the coloring of suspension remained
for surface functionalized particles whilst naked IOMNP suspension,
both nanorod and nanosphere, turned almost colorless. The ad-
sorbed PDDA layer used to promote colloidal stability has also mit-
igated the attractive interaction between the IOMNPs, and hence,
suppressed aggregation of the particles which is the pre-require-
ment for rapid cooperative magnetophoresis [22,23]. This unique
feature of magnetophoresis, where the kinetic of the particle’s mo-
tion under low field gradient is dependent on the surface function-
alization, is crucial from engineering perspective. It allows the fine
tuning of magnetophoretic separation time by changing the surface
coating of the magnetic nanoparticles with same size, shape and
composition.

3.2. Kinetic behavior of cooperative magnetophoresis

In order to have a more quantitative and better understanding
on the cooperative behavior of [IOMNP magnetophoresis under
low field gradient, we monitored the opacity changes of the
particle suspension (Fig. 4) over the time course of 500 s after its
exposure to a NdFeB. Here we assumed that light transmitted

—
)&
o -
® o

o
]

o4

02

Normalized Opacity (a.u

—
2
e’

Normalized Opacity (a.u.)

] 100 200 300 400 500

Time (sec)

through the suspension can be directly related to the remained
particles concentration after magnetophoresis by protocol devel-
oped by Schaller and coworkers [21]. This assumption might not
be necessary true as spatial distribution of the magnetic field
strength causes variation in the magnetophoretic velocity of IOM-
NPs, and hence, non-uniform blocking of light. Nevertheless, the
magnetophoretic collection rate can be crudely estimated by linear
fit to the first half of the graph where rapid decay of opacity oc-
curred {31].

By referring to Fig. 4a and b, both the magnetophoretic collec-
tion rate and time are dependent on the suspension concentration.
As the initial concentration of the IOMNPs increased, for both
nanorod and nanosphere, the collection time has been shorten
with the increment of collection rate. This observation is in accor-
dance to the cooperative magnetophoresis model discussed earlier
[15,18]. At concentration below 100 mg/L, the overall decay rate of
suspension opacity for nanorod is steeper than nanosphere at same
particle concentration indicating that the rapid magnetophoresis of
rod-like particle. With the increment of particle concentration
from 25 mg/L to 100 mg/L, the collection rate has also been in-
creased from 0.0030a.u.fs to 0.0124 a.u./s for nanosphere and
0.0043 a.u.fs to 0.0122 a.u.fs for nanorod. At this stage, the influ-
ence of magneto-shape anisotropy on the magnetophoretic collec-
tion rate becomes irrelevant as the particle concentration
increased. Transition of magnetophoretic curve from two indepen-
dent lines as shown in Fig. 4c collapsed onto a single curve in
Fig. 4d implied that not only the collection rate has become parti-
cle-shape independent at 100 mg/L but also the separation time.
Coincidentally, the magnetophoresis becomes size independent

(b) 1.0F8 T T T T H
- A 25mg/l
: Y, 1 50mg/L
0.8[-%% i
raE: o 75mglL
§ 06
O
o
S 04
®
E
o 02
Z
]
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08l —— Nanosphere _

-——
Normalized Opacity (a.u.) &

2
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Fig. 4. Concentration dependency of PDDA coated (a) nanosphere and (b) nanorod under low magnetic field gradient magnetophoresis and comparison of magnetophoretic
collection of nanorod and nanosphere suspension at (c) 25 mg/L and (d) 100 mg/L. Noted that figures (c) and (d) are redrawn from the same data sets as presented in (a) and

(b).
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as the particle concentration go beyond 100 mg/L [21]. even
though the Fpq is proportional to the volume of the particles. Since
the collision frequency between the single particles depends di-
rectly on the particle concentration |32], as concentration in-
creased there is a better chance for aggregation to occur which
leading to rapid magnetophoresis. Thus from these results we
can concluded that at high concentration the particle’s shape will
influence the magnetophoresis of an individual particle but not
the cooperative magnetophoresis of a particle cluster.

Since the magnetophoretic force is influenced by both the mag-
netic field strength and gradient (see Eq. (3)), we repeated the
magnetophoresis measurement of both PDDA decorated nano-
sphere and nanorod at the concentration of 50 mg/L to evaluate
the influence of these parameters on the separation kinetic
(Fig. 5). This working concentration was chosen to ensure higher
probability for the distinctive contribution of magneto-shape
anisotropy be detected for the ease of comparison. By replacing
NdFeB cylindrical magnet with Alnico magnet of same dimension
with much lower field gradient at (and also field strength as shown
in Fig. 5a), one of the most obvious consequences is the prolonged
collection time for both nanorod and nanosphere. By taking linear
interpolation on the portion of the magnetophoresis curve that un-
dergo rapid decay (Fig. 5b), we found out that the collection rate of
nanorod under the influence of Alnico magnet at 0.0041 a.u.fs is
approaching the collection rate of nanosphere at 0.0045 a.u.fs by
NdFeB magnet. For any engineering related application, this unique
feature of LGMS allows the optimization of particle shape and/or
profile of magnetic field (both strength and gradient) selectively
in order to achieve comparable collection rate. This has otherwise
provides extra degree of freedom for the design of separation pro-
cess driven by low magnetic field gradient. It should be noted that
our observation in Fig. 5 have directly proven the complex influ-
ence of magnetic field gradient in cooperative magnetophoresis
which is still an pending issue for further research.

It should also be noted that the initial time lag as observed in
Alnico magnet induced magnetophoresis is mainly due to its weak
magnetic field strength to cause particles aggregation. In addition,
the enhanced colloidal stability introduced by adsorbed layer of
PDDA might also play an important role to further aggravate the
problem of slow collection time [22].

3.3. Nanorod magnetophoresis in microscopic scale

For cooperative magnetophoretic motion of nanorod, the migra-
tion process involved three phases, namely aggregation, alignment
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Fig. 5. (a) Magnetic field strength extended out perpendicularly from the surface of a
of ref 12. By linearized the slope of the graph within first 10 mm from the magnet (e

and movement. Typical rod-like nanoparticles would spontane-
ously assemble into small isotropic structure in order to minimize
their surface energy [33). For magnetic nanorods, the extensive
aggregation is most likely caused by the magnetic dipole-dipole
and van der Waals interactions [34,35]. Even though the nanorod
has been electrosterically stabilized by PDDA through physisorp-
tion, the formation of submicron particle clusters is almost inevita-
ble {23,36]. In addition to this high tendency for self-aggregation
which leading to the formation of large particle cluster, magnetic
alignment of nanorod under the influences of an externally applied
magnetic field [37], as depicted in Fig. 3, contributes to the rapid
magnetophoretic behavior of rod-like IOMNPs. The stable align-
ment of nanorod with respect to the magnetic field lines due to
its magneto-shape anisotropy making the particles less susceptible
to the thermal randomization displacement during magnetophore-
sis {30].

Besides self aggregation, a colloidally stable suspension com-
posed of iron oxide nanocluster will also undergo aggressive mag-
netically induced aggregation within few seconds after exposed to
magnetic field [22]. This process is almost instantaneous and for
magnetic nanoparticles with 100 nm in radius and magnetic Bjer-
rum length of 2 pm the time taken is ~0.06 s [38]. Here, the Bjer-
rum length is defined as the distance between particles with
parallel dipoles at which the attractive magnetic energy that favor
aggregation is equal to the thermal energy. Nevertheless, it should
also be noted that for well dispersed individual IOMNPs (not clus-
ters), this aggregation phase under magnetic field gradient of 60 T/
m can be further prolonged to 300s by using citric acid treated
spherical superparamagnetic nanoparticles [20}.

During the alignment phase, inertial forces play a minor role in
nanorod dynamics [39]. Governing equation describing the nano-
rod rotation can then be obtained by balancing the magnetic tor-
que with the viscous torque, and hence, leading to the relevant
drag coefficient y around the short axes of the rod {40]:

_nm P
"= mP)+G )
C, = —0.662 + —0'2,17 - Opﬂ 5)

where I is the nanorod length and P is the length to diameter ratio
of the nanorod. At such the time t for rotation of a nanorod toward
its equilibrium orientation is only depends on the its initial

Normalized Opacity (a.u.)

0 100 200 300 400 500
Time (sec)

cylindrical magnet (data for NdFeB magnet is extracted from the supporting document
quivalent to our working range for magnetophoretic measurement by using a standard

cuvette) gives the field gradient VB at 53.65 Tesla/m and 4.86 Tesla/m for NdFeB and Alnico magnet, respectively. These approximated values for VB have also indirectly
proven that all our experiments were carried out under LGMS condition. (b) Magnetophoresis curves of PDDA coated iron oxide nanosphere and nanorod with respect to
magnetic field from NdFeB and Alnico permanent magnet. All the IOMNP concentration is at 50 mg/L.
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orientation and is directly proportional to f (t~ 1/#), which is de-
fined as [37}:
mB
7

where m is the magnetic moment of the nanorod. By consider the
nanorod has a magnetization very close to saturation throughout
the entire duration of magnetophoresis process, which is not neces-
sary true but this estimation serves as the upper bound of our anal-
ysis, the magnetic moment can therefore be estimated as
m = MVpeppe [38]. Here M is the saturation magnetization per unit
mass of the particle (know through magnetometry measurement at
90 emu/g), V,: and py, is the volume and density of the particle,
respectively.

The magnetic alignment time needed for a Ni nanorod with
5 um in length and less than 200 nm in diameter (f=12.1 s7')is
around 0.7 s [37]. For the iron oxide nanorod employed in this
work, with dimension at around 300 nm x 20 nm (see Fig. 1)
[26], the estimated f by using Eq. (5) is approximately
1.98 x 10°s~'. Since the alignment time is linearly dependent on
1/4, so by having g which is almost five orders of magnitude larger
than the aforementioned Ni nanorod would lead to drastic reduc-
tion in alignment time. However, as illustrated in Fig. 6, it takes
roughly 0.75 s for the iron oxide nanorods to achieve full align-
ment. At such, it is very likely that the alignment of nanorod as ob-
served in Fig. 6 is also a cooperative phenomenon in which the
collective rotation of the entire clusters with respect to the mag-
netic field has been heavily suppressed. Besides the large nanoclus-
ters size in micrometer range (larger drag coefficient than

b= (6)

individual nanorod) and hydrodynamic interactions |41], interpar-
ticle interactions should also play an important role in determining
the associated time scale for the transition of randomly oriented
nanorod clusters (Fig. 6a) to partially aligned clusters (Fig. Gb
and c), and subsequently leading to fully aligned clusters (Fig. 6d).

Continuous exposure of a fully aligned nanorod cluster to an
external magnetic field would lead to its magnetophoresis
(Fig. 7). By inspecting magnetophoretic pathway of ten nanorod
clusters, it was found that the averaged magnetophoretic velocity
is at around 16 pm/s (Table 1). Within the viewable area of our
microscopy study, all the clusters investigated are travelling at ter-
minal velocity with no sign of acceleration. It is very likely that the
observed clusters have not travelled into the ‘capture’ zone where
the field gradient is the steepest [30]. Even though this measured
2D magnetophoretic velocity is one order of magnitude higher
than the calculated nanosphere velocity based upon non-interact-
ing particle assumption discussed earlier, but, it is still insufficient
to explain the rapid magnetophoretic collection as demonstrated
in Fig. 2. Within our experimental condition, the nanorod suspen-
sion is sandwiched within a thin layer of fluid, with thickness at
around 136 pm by using adhesive tape as spacer, between a micro-
scope slide and cover slip. Clearly, this confined movement of
nanorad clusters (in Fig. 7) is affected by the friction forces, such
as viscous drag or friction with the slide surface [42]. More notably,
some of the clusters are non-mobile while others migrated toward
the magnetic field source suggesting their adhesion to the slide
surface. Besides, fattening of the clusters was witnessed if the mag-
netophoresis experiments were carried in prolonged period >1 min
(see Fig. Sl in supporting information). Here, two possible results

Fig. 6. Transient behavior of nanorod clusters undergoing magnetic alignment from (a) random orientation to (b and ¢) partial alignment and finally (d) full alignment. The

scale bar is 100 pm and time interval between each image is 0.25s.
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Fig. 7. Time lapse images showing rapid magnetophoresis of nanorod clusters after their alignment with an externally applied magnetic field. All ten groups of nanoclusters
are moving toward the left hand corner of the micrograph where the magnet is located and the magnetic field gradient is the steepest. The scale bar is 100 pm and time

interval between each image is 2 s.

Table 1
Summarized magnetophoresis results for ten groups of nanorod cluster shown in
Fig. 7.

Cluster Cluster length Travelling distance Average velocity
label (pm) (rm) (pm/s)
1 27.74 5736 14.34
2 3523 52.02 13.01
3 2895 83.99 21.00
4 45.31 79.09 19.77
5 27.01 53.78 1345
6 35.70 80.52 20.13
7 34.54 57.81 14.45
8 29.52 38.73 9.68
9 28.89 67.98 17.00
10 43.89 70.18 17.55

of aggregation could still happened as the clusters collided to each
other: (1) the formation of longer cluster chain due to tip-to-tip
aggregation, or (2) the formation of thicker cluster chain due to lat-
eral aggregation [38]. Our results in which the thicker aggregates is
favored over longer chain in collision during magnetophoresis is
consistent with their observation and might be the reason for the
speedy magnetophoretic collection of nanorods as observed in
Fig. 2.

4. Conclusions

We have clearly shown that at low particle concentration the
contribution of shape anisotropy is crucial in speeding up the col-
lection rate and shortening the collection time of IOMNPs at low
field gradient magnetophoresis. This dependency, however, is
highly related to particle concentration. At high particle concentra-
tion of 100 mg/L, both the magnetophoretic collection rate and
time achieved by nanosphere and nanorod are comparable. In
addition, it is possible for nanosphere to match the magnetopho-
retic collection rate of nanorod, even at low particle concentration
of 50 mg/L, by changing the magnetic field gradient. Simultaneous
tuning of particle shape and field gradient provides new option for
the design of separation strategy which is workable at low field
gradient. Combined with the cooperative magneophoresis data in
macroscale, our optical microscopy experiments suggested that
the entire cooperative magnetophoretic process of nanorod in-
volved three phases, namely aggregation, alignment and move-
ment. The first two phases typically happened in less than a
second unless a very weak magnetic field source is used, such as
Alnico magnet. These two processes are very likely driven by the
cooperative nature of particle interactions. For rapid magnetopho-
resis is concerned, the measured 2N magnetophoretic velocity at
~16 pum/s is still an underestimated value mainly due to frictional
forces arise from the confined motion of the IOMNPs. We
anticipated that further collision between the nanorod clusters

during the cooperative magnetophoresis process, which leading
to the formation of larger aggregate, is the key factor that contrib-
utes to their rapid separation.
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ABSTRACT

Cationic polyelectrolyte promoted effective attachment of iron oxide nanoparticles (IONPs) onto microalgal cells
through electrostatic attraction. Poly(diallyldimethylammonium chloride) (PDDA} and chitosan' (ChiL), both are
cationic polymer, are feasible to act as binding agent to promote rapid magnetophoretic separation of Chlorella sp.
through low gradient magnetic separation (LGMS) with field gradient vB less than 80 T/m in real time. Cell separation
efficiency up to 98% for the case of PDDA and 99% for the case of Chil can be achieved in 6min when 3 x 107 cells/mL
Chlorella sp. are exposed to 300 mg/L surface functionalized-IONPs (SF-IONPs). Different polyelectrolytes do not give
significant effect on cell separation efficiency as long as the particle attachment occurred. However, the PDDA is
more preferable as the binder for all type of microalgae medium than the chitosan (Chil) since it is not pH depend-
ent. SF-IONPs coated with PDDA guarantee the cell separation performance for 2ll pH range of cell medium, with
98.21 + 0.40% at pH 8.84. On the other hand, the Chil performance will be affected by the cell medium pH, with only

22.93 +31.03% biomass recovery at pH 9.25.

® 2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Microalgae; Renewable fuel source; Magnetophoretic separation; Polymer binder; Electrostatic interaction;

Sustainable

1. Introduction

The energy crisis has ignited the search of an alternative
replacement for fossil fuel which can be more environmen-
tal friendly and sustainable. Since the microalgae biomass
is capable of producing high oil yield on gallons per acre
basis up to two orders of magnitude higher than the other
oil producer crops (Johnson, 2009), it makes microalgae an
attractive option. The renewable fuel source from microalgae
is limitless as its energy source is from the sun itself via pho-
tosynthesis (Demirbas, 2010). However, the main restriction
in preventing the realization for large-scale third genera-
tion microalgal oil production is the high harvesting cost
of microalgae biomass. The cost associated to downstream

separation processes could reach up to 20-30% of the total pro-
duction cost of biomass (Grima et al., 2003). On the other hand,
magnetophoretic separation of microalgae was introduced
since 1970s with the main focus targeted on environmental
related problem (Bitton et al., 1975; Yadida et al., 1977). This
method is currently revisited and applied on the purpose to '
harvest the microalgal biomass for biofuel production. It is
feasible to achieve cell separation efficiency up to 99% for bio-
fuel production purpose (Lim et al., 2012; Toh et al., 2014). The
harvesting cost is estimated at about $180/ton dry biomass
through the low gradient magnetic separation (LGMS) (Toh
et al., 2012).

Currently there is an active pursue, from research groups
all around the globe, on both the fundamental and engineering
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aspects of microalgae separation by magnetophoresis (Xu
et al, 2011; Lim et al., 2012; Toh et al., 2012; Cerff et al.,
2012; Liu et al,, 2009; Hu et al., 2013; Prochazkova et al., 2012;
Wang et al., 2014). There are two mechanism utilized to impart
the magnetic property on the microalgal cells: electrostatic-
mediated-attachment (Xu et al., 2011; Lim et al.,, 2012; Toh
et al., 2012; Liu et al.,, 2009; Prochazkova et al.,, 2012) and
adsorption-based-attachment (Cerff et al.,, 2012; Hu et al.,,
2013). Previous study on the magnetophoretic separation of
freshwater Chlorella sp. showed that the attachment of mag-
netic nanoparticles on cell surface do not mediated by the
adsorption-based-attachment even though this mechanism
has been reported feasible in others study (Toh et al., 2014).
The cell separation efficiency can only be achieved at 8%
even after extended incubation period up to 2h (Toh et al,,
2014). With the introduction of cationic polymer binder, the
cell separation of Chlorella sp. is effective (Lim et al., 2012)
where it is hypothesized that the attachment is induced
by the electrostatic-mediated-attachment. Xu et al. (2011)
and Prochazkova et al. (2012), respectively, have further ver-
ified this point through a series of pH adjustment by using
bare magnetic particles as tagging agent without the use of
polyelectrolyte binder. Nevertheless, there is still lacking of
experimental data to verify this finding if the cationic polymer
binder is employed. Therefore, in this study we demon-
strated the feasibility of microalgae separation with the aids
of cationic polymer binder to bind together the negatively
charged Chlorella sp. cells with the anioniciron oxide nanopar-
ticles (IONPs) in culture medium without any pH adjustment.
The mechanism associated to this attachment process pro-
moted by the polymer binder is studied in detail. Furthermore,
we also identified the extra benefit of polymer binder for the
use in this cell separation method.

2. Materials and methods
2.1. Materials

Iron oxide magnetic nanoparticles (IONPs), Fe3O; (98+%
purity, 20-30nm) was obtained from Nanostructured &
Amorphous Materials, Inc. The very low molecular weight
poly(diallyldimethylammonium chloride) (PDDA) in water
(35wt% with Molecular weight, My <100,000g/mol) and
the low molecular weight chitosan powder (Chil) (75-85%
deacetylated) were obtained from Sigma-Aldrich, Inc. Deion-
ized water used was obtained by reverse osmosis and further
treated by the Milli-Q Plus system (Millipore) to 18MQcm
resistivity.

2.2.  Cultivation of microalgae

The Chlorella sp. strain was obtained from School of Biological
Sciences, USM. It was cultivated in 500 mL conical flask that
contained 250mL Bold's Basal Medium (BBM) under contin-
uous illumination (2000 lux) at 25°C. The medium and flask
were autoclaved at temperature 121 °C for 15 min before cell
cultivation. Continuous aeration of the culture medium was
provided throughout the cultivation period. A cell density of
3 x 107 cells/mL was used for every single test. The cells were
determined by using the hemocytometer and the desired cell
density were achieved by appropriate dilution of the cell. The
pH of cell medium was adjusted by using hydrochloric acid

(HCl) and sodium hyaroxide (NaOH) and measured by Eutech
CyberScan pH 1500.

2.3.  Preparation of surface functionalized iron oxide
magnetic nanoparticles (SF-IONPs)

In this work, the IONPs used were in spherical shape with
dimension of 20-30nm in diameter. A total amount of 0.02g
of IONPs was dispersed into 20 mL deionized water followed
with sonication until a uniform dispersion in concentration
of 0.001g/mL was achieved. For PDDA solution preparation,
786.4 L of as received polyelectrolyte was added into 18 mL
of deionized water (18 mL). The ChiL was prepared by dispers-
ing 30mg of dry powder into 1% acetic acid solution (15mL).
This dispersion was stirred (500 rpm) for one day to achieve
complete dissolution. A total of 3mL of IONPs dispersion
(0.001 g/mL) was added into the polymer solution and then
sonicated by low power bath sonicator (40 KHz). This solu-
tion was then left on an end-to-end rotating mixer at mixing
speed of 40 rpm overnight. Later, a permanent magnet, cylin-
drical shaped N50-graded neodymium boron ferrite (NdFeB)
with surface magnetic field of ~6000 G, was used to collect the
SF-IONPs and the remaining supernatant containing excess
polymer was discarded. The SF-IONPs collected were further
dispersed in 2mL deionized water. During the microalgae
separation experiments, 2mL of SF-IONPs was added into
8mL of cell medium sample to achieve particle concentra-
tion of 300mg/L and then followed with simple mixing for
30s to ensure uniform dispersion. The mixture was further
left for another 30s before the introduction of NdFeB per-
manent magnet. Particle concentration of 300 mg/L is chosen
as it is the optimum concentration for SF-IONPs-attached-
cells to achieve complete collection by the permanent magnet
in real time (Toh et al.,, 2012). The electrophoretic mobility
and hydrodynamic diameter of samples were measured by
Malvern Instruments Nanosizer.

2.4.  Magnetophoretic separation of Chlorella sp. by
using IONPs or SF-IONPs

The magnetic separation of Chlorella sp. cell was carried
under LGMS by using an NdFeB permanent magnet with
field gradient vB<80T/m (Toh et al., 2012). The cell separa-
tion performance was recorded for 6 min. The absorbance of
the sample was measured spectrophotometrically by UVmini-
1240 Shimadzu at the wavelength of 660nm (measured by
Agilent Technologies Carry 60 UV-Vis). The cell separation effi-
ciency was determined as

Io — I(t)

Cell separation efficiency (%) = T -
0 — lcentrifuge

x 100 (1

where the Ip represents initial absorbance intensity of microal-
gae suspension after diluted with 2mL deionized water, I(t)
represents the absorbance intensity of microalgae suspen-
sion during magnetophoretic separation at time t, and the
Icentrifuged T€PTesents the clear centrifuged sample subjected
to same dilution factor.
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Fig. 1 - (a) Electrophoretic mobility of the Chlorella sp. cells
in different day of cultivation. (b) Growth curve of Chlorella
sp. The 250 mL of Chlorella sp. (initial cell density of

1.9 x 10° cells/mL) is cultured in a 500 mL conical flask with
continuous bubbling under light. (c) The observed pH
change of the cell culture medium with respect to
cultivation day.

3. Results and discussion
3.1.  Characteristic of Chlorella sp.

Freshwater Chlorella sp. microalgae used in this study carry
a net negative charge on its surface (Mclaughlin and Poo,
1981). The surface charge is originated from the functional
groups that can be found on the lipid, protein and carbohy-
drate that made up the cell membrane. The surface charge of
cells depends on the stage of life cycle (Henderson et al,, 2008).
Fig. 1a showed the electrophoretic mobility (which is directly
proportional to zeta potential of the microalgae) of the Chlorella
sp. is increasing with the day of cultivation. It reaches opti-
mum charge and then maintained at the day 7th and onward.
This gradual change of electrophoretic mobility is very likely
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Fig. 2 - (a) Electrophoretic mobility of Chlorella sp. and
IONPs varation at different pH. (b) Cell separation efficiency
of 3x107 cells/mL Chlorella sp. when mixed with 300 mg/L
IONPs through LGMS for 6 min of separation. Image is
attached.

due to the induction of microalgal cells to synthesize new sur-
face components stimulated by changing the environmental
circumstances during their growth phase (Manly, 1970). The
direct consequence of having such changes is the microalgal
cells displayed a different overall surface charge. When refer-
ring to the growth curve of Chlorella sp. as showed in Fig. 1b, the
cell growth entered the stationary phase after day 10th of cul-
tivation. Both results showed that the surface charge of a cell is
dependent on the cell maturity. So, day 10th has been chosen
to harvest the microalgae with optimum biomass and carry
optimum surface charge which may benefit the performance
of cells separation through magnetophoresis.

3.2.  Naked iron oxide nanoparticles (naked-IONPs)
attachment to Chlorella sp.

Magnetophoretic separation can be performed by imparting
magnetic property onto the microalgal cell. In this study, the
naked iron oxide nanoparticles (naked-IONPs) with size in
range 20-30nm in diameter is tagged onto the surface of
cell with an average diameter of 3.45+0.42 pm. Direct mix-
ing of naked-IONPs, without the presence of binding agent,
into the cell medium does not promote any level of parti-
cles attachment onto the microalgae cell. This scenario caused
extremely low cell separation efficiency at only 4.1% (Fig. 2b).
Fig. 2a showed that the naked-IONPs used in this study has
an isoelectric point at pH 5.4. The iron oxide (I0) will be pro-
tonated and form I0—OH,* at pH<5.4; while at pH above
the isoelectric point (pH > 5.4), I0—-0~ will be formed through
deprotonation (Lucas et al,, 2007; Xu et al,, 2006). However, the
Chlorella sp. medium is in range of pH 8-9 at the harvest day
10th and onward. Under this condition the particles are also
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Fig. 3 - The hydrodynamic diameter of the (a) naked-IONPs
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sonicated at 0s while the dispersions are re-suspended
before each hydrodynamic size measurement by using the
Malvern Zetasizer. Rapid settlement of PDDA coated IONPs
can be due to the bridging flocculation.

negatively charged. Both these species experienced electro-
static repulsion with very minimum particle attachment can
be successfully taken place. Even though nano-size particles
have high surface energy, which may induce strong affinity
to attach to other surface to minimize the surface energy
(Wu et al., 2008), the strong electrostatic repulsion discussed
earlier is significant enough to overwhelm this attractive inter-
action. The recorded low cell separation efficiency at 4.1%,
when naked-IONPs mixed with the cell medium at day 10th
without any pH adjustment has further confirmed our hypoth-
esis. Moreover, the wide hydrodynamic size distribution of
the naked-IONPs (Fig. 3a) has showed the naked-IONPs have
higher tendency to flocculate through the van der Waals
attraction and tend to form micron sized cluster to minimize
their high surface energy. The flocculation of the superpara-
magnetic naked-IONPs is further promoted by the magnetic
dipole-dipole attraction between the particles after the intro-
duction of magnetic field (Yeap et al., 2012a; Li et al., 2008).

3.3. Naked-IONPs attachment to Chlorella sp.
mediated by electrostatic interaction

For further validate the contribution of electrostatic interac-
tion on the effectiveness of the nanoparticles-cells attach-
ment, the pH of cell medium was being adjusted to pH2. This
pH condition maintains the negative charge on Chlorella sp.
but has converted the charge of naked-IONPs to positive as
showed in Fig. 2a. Theoretically, opposite charge would induce

attraction between these two entities. According to the result
showed in Fig. 2b, the electrostatic-mediated-attachment is
effective to attach the naked-IONPs on the cell surface. Mag-
netophoretic separation has achieved high cell separation
efficiency at 93.1% after 6 min of cell collection through low
gradient magnetic separation (LGMS). Again, the result has
confirmed that the cell separation is quite effective when the
attachment of naked-IONPs on cell surfaces is mediated by
the electrostatic attraction.

However, the pH adjustment of cell medium to acidic range
is impractical for engineering applications since highly acid-
ity media will caused serious environmental issue and also
causing unnecessary lysis of microalgal cells An alternative
way may be needed to modify the surface charge of naked-
IONPs in order to make this separation method feasible for
engineering application without the need of pH adjustment.

3.4.  Role of cationic polymer binder

Electrostatic-mediated-attachment could drive the adhesion
of naked-IONPs on cells in natural cell medium through sur-
face charge reversal of naked-IONPs to positive. To achieve this
purpose, two different cationic macromolecule binders were
coated on the surface of naked-IONPs respectively to form
surface functionalized iron oxide nanoparticles (SF-IONPs).
The polymer will coat on the particle surface through adsorp-
tion as sketched in Fig. 4 (Kleshchanok and Lang, 2007). This
adsorbed layer of macromolecule provides steric hindrance
that further stabilized the naked-IONPs against flocculation.
Hence, the particles are in colloidally stable form. Hydro-
dynamic size distribution shown in Fig. 3 has demonstrated
that the SF-IONPs experienced higher resistance to parti-
cle flocculation compared to the naked-IONPs. In Fig. 3a,
the wide hydrodynamic size distribution curve of naked-
IONPs showed the naked-IONPs (with mean hydrodynamic
diameter of 80-120nm within 24h) tend to flocculate to
large range of size up to 220nm even after intensive son-
ication. However, Fig. 3b showed that the SF-IONPs coated
with poly(diallydimethylammonia chloride) (PDDA) experi-
enced faster sedimentation rate than the naked-IONPs and
the size distribution curve showed the SF-IONPs (PDDA) tend
to flocculate to become three times larger (124 nm) than the
initial size (51nm). Even though the dispersion of SF-IONPs
(PDDA) cannot stand stable for long time but PDDA still able
promote effective steric stabilization for a short duration
(<3h). The mean hydrodynamic diameter of SF-IONPs (PDDA)
is 51nm right after sonication with a sharp peak showed on
the size distribution curve. For the case of SF-IONPs coated
with chitosan (Chil), the dispersion is quite stable even after
24h as shown in the photos (see Fig. 3c). Their hydrodynamic
size distribution did not change too much within the first
24h and stayed within the mean size of 30-50 nm with upper
bound at 100 nm. The steric layer has successfully suppressed
the flocculation of particles within the dispersion, especially
within the first 3h after preparation. Besides that, the electro-
static repulsion force generated between the equally charge of
SF-IONPs also play role to cause the nanoparticles repelling.
The combination of both particle stabilization effectsisknown
as electrosteric stabilization (Fritz et al., 2002) and is suffice to
maintain the colloidal stability of magnetic nanomaterials in
biological media (Yeap et al., 2012b)

Fig. 5a showed the positive charge of PDDA polyelectrolyte
is promoted by the *N(CHs),= active site on each monomers
(Kckufuta and Takahashi, 1986). However for the case of
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Fig. 4 — Surface functionalization scheme involved for PDDA and Chitosan attachment. The surface charge after the
functionalization is mainly due to the property of the macromolecules included. Nevertheless, the particle still retained its
magnetic property after the surface modification as they are still very responsive toward the externally applied magnetic

field.

chitosan, it has no specific charged active site to attach on
particle surface (Li et al., 2008). It will only be charged after dis-
solved in acidic solution (1wt% of acetic acid solution in this
study) through protonation. Under this condition, the amine
group will be protonated to form positively charged —*NHj;
active site on each monomers (see also Fig. 5b). After the
surface functionalization, Fig. 6a showed that the SF-IONPs
(PDDA) is in positive charge for range of pH employed while
the SF-IONPs (ChiL) has reached an isoelectric point at pH
~9.2. After the protonated chitosan has coated on particle sur-
face, then only the surface property of SF-IONPs (ChiL) would
affected by the ChiL layer. When pH less than pH 9.2, the SF-
IONPs (Chil) is positively charged that promoted by the —*NH3
active sites on the extended segment of ChiL. When pH is
above 9.2, the ChiL will be deprotonated and loss its charged
site on the extended segment of ChiL from the particle surface.
So, the SF-IONPs (Chil) become anionic at pH>9.2 which is
mainly due to the surface property of naked-IONPs. Above dis-
cussion proved that the cationic polymer binder would govern
the surface property of the SF-IONPs after coated on it.
Result in Fig. 6b showed that the 300mg/L of SF-IONPs
(PDDA) guarantee the highest cell separation efficiency in all
range of pH value, which is 98.21+0.40% at pH 8.84. While
the SF-IONPs (ChiL) achieved low cell separation efficiency at
pH>9.2, which is only 22.9+31.0% and 11.0+1.9% at pH 9.25
and pH 11.56 respectively. The photo sequences shown in Fig. 7

(a) Cl -
+
/N\ n
HsC CHaj
PDDA
(b) - _ o
o0 o0
OH H
NH, *NH, .
Chitosan Chitosan
powder (Protonated)

Fig. 5 - Chemical structure of (a) PDDA and (b) the chitosan
powder and after the protonation in 1wt% acetic acid
solution.

give a clear idea about the extent of separation can be achieved
by going through pH adjustment. For high removal efficiency,
greenish microalgal samples turned crystal clear at the end of
the separation process. This observation has otherwise indi-
cated the complete removal of the targeted microalgal cells.
When in the condition of natural Chlorella sp. cell medium (in
pH range from 8 to 9), the SF-IONPs (PDDA) is preferred rather
the SF-IONPs (ChilL) because the surface charge of SF-IONPs
(Chil) is not consistence at pH 8-9. Hence, magnetophoretic
separation of Chlorella sp. is proved feasible in real condition by
the aid of cationic polymer binder, PDDA, without pH adjust-
ment. Besides that, the available of the polymer binder on
the surface of SF-IONPs has successfully modified the surface
property of naked-IONPs in term of surface charge too. Nev-
ertheless, the parallel result depicted in Fig. 6a and b provide
direct evidence that the electrostatic-mediated-attachment of
SF-IONPs on cell surface is effective to promote subsequent
magnetophoretic separation of microalgae.
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Fig. 6 — (a) Electrophoretic mobility of Chlorella sp. and
IONPs after surface-functionalized by PDDA and chitosan.
(b) Cell separation efficiency of 3 x 107 cells/mL of Chlorella
sp. cells in function of pH when mixed with 300 mg/L
SF-IONPs.
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Fig. 7 - Images of the Chlorella sp. sample (3 x 107 cells/mL) and samples after LGMS separation by using 300 mg/1 of

SF-IONPs coated by (a) PDDA and (b) Chil at different pH.

4, Conclusions

‘We have verified the feasibility of the microalgae separation
from the cell medium through LGMS by the aid of cationic
polymer binder. Electrostatic repulsion inhibited the nega-
tively charged naked-IONPs to attach onto the Chliorella sp. cell
surface in the medium with pH 8-9 on the harvest day 10th.
The electrostatic-mediated-attachment of naked-IONPs/SF-
IONPs on cell surface is effective to encourage eventual cell
separation through magnetophoresis. In pH 2, the positively
charged naked-IONPs enabled 93% of cell separation effi-
ciency. While for the positively charged SF-IONPs (PDDA), high
cell separation can be achieved in all range of pH value. This
study has proved the cationic polymer played an important
role as the binding agent to attach the magnetic nanoparticles
on cell surface as long as the electrostatic interaction occurred.
From practical point of view, PDDA is more preferable as the
binder than the ChiL because the attachment mechanism
involved is pH independent. Besides as a binder, the poly-
mer has also modified the surface property of the magnetic
nanoparticles after coated onto it. The surface charge of SF-
IONPs will follows the property of the polymer coated on it
but maintains its magnetic property in core. In addition, the
polymer layer has formed a steric layer to promote colloidal
stability of SF-IONPs suspension. Further study on the effec-
tiveness of electrostatic-mediated-attachment of SF-IONPs on
cell surface in differentionic strength condition, especially the
seawater, is important since the high ionic strength may sup-
pressed the Debye screening length on the polymer layer and
weaken the electrostatic effect.

Acknowledgements

This work is supported by Research University (RU) (Grant No.
1001/PJKIMIA/811165), Fundamental Research Grant Scheme
(FRGS) (Grant No. 203/PJKIMIA/6071271) and Research Uni-
versity Postgraduate Research Grant Scheme (USM-RU-PRGS)
(Grant No. 1001/PJKIMIA/8045037) from Universiti Sains
Malaysia, and eScience Fund from MOSTI (Grant No.
305/PJKIMIA/6013412). All authors are affiliated to Membrane

Science and Technology Cluster USM. Toh, P.Y. was supported
by the My PhD scholarship from Ministry of Higher Education
of Malaysia.

References

Bitton, G., Fox, J.L., Strickland, H.G., 1975. Removal of algae from
Florida lakes by magnetic filtration. Appl. Microbiol. 30,
905-908.

Cerff, M., Morweiser, M., Dillschneider, R., Michel, A., Menzel, K.,
Posten, C., 2012. Harvesting fresh water and marine algae by
magnetic separation: screening of separation parameters and
high gradient magnetic filtration. Bioresour. Technol. 118,
289-295.

Demirbas, A., 2010. Use of algae as biofuel sources. Energy
Convers. Manage. 51, 2738-2749.

Fritz, G., Schadler, V., Willenbacher, N., Wagner, N.J., 2002.
Electrostatic stabilization of colloidal dispersions. Langmuir
18, 6381-6390.

Grima, E.M., Belarbi, E.H., Fernandez, F.G.A., Medina, A.R., Chisti,
Y., 2003. Recovery of microalgal biomass and metabolites:
process options and economics. Biotech. Adv. 20, 491-515.

Henderson, R., Parsons, S.A., Jefferson, B., 2008. The impact of
algal properties and pre-oxidation on solid-liquid separation
of algae. Water Res. 42, 1827-1845.

Hu, Y.R., Wang, F, Wang, S.K., Liu, C.Z., Guo, C., 2013. Efficient
harvesting of marine microalgae nannochloropsis maritime
using magnetic nanoparticles. Bioresour. Technol. 138,
387-390.

Johnson, M.B., 2009. Microalgal Biodiesel Production Through a
Novel Attached Culture System and Conversion Parameters.
Biological Systems Engineering, Blacksburg, Virginia.

Kleshchanok, D., Lang, P.R., 2007. Steric repulsion by adsorbed
polymer layers studied with total internal reflection
microscopy. Langmuir 23, 4332-4339,

Kokufuta, E., Takahashi, K., 1986. Adsorption of
poly(diallyldimethylammonium chloride) on colloid silica
from water and salt solution. Macromolecules 19, 351-354.

Li, G.-Y,, Huang, K.-L,, Jiang, Y.-R., Ding, P, Yang, D.-L., 2008.
Preparation and characterization of carboxyl
functionalization of chitosan derivative magnetic
nanoparticles. Biochem. Eng. J. 40, 408-414.

Lim, ] K., Derek, C].C,, Jalak, S.A., Toh, PY,, Yasin, N.H.M., Ng,
B.W, Ahmad, A.L., 2012. Rapid magnetophoretic separation of
microalgae. small. ¥, 1683169



PROCESS SAFETY AND ENVIRONMENTAL PROTECTION 92 (2014) 515-521 521

Liu, D, Li, F, Zhang, B., 2009. Removal of algal blooms in
freshwater using magnetic polymer. Water Sci. Technol.,
1085-1091.

Lucas, I.T,, Durand-Vidal, S., Dubois, E., Chevalet, J., Turq, P., 2007.

Surface charge density of maghemite nanoparticles: role of
electrostatics in the proton exchange. J. Phys. Chem. C 111,
18568-18576.

Manly, R.S., 1970. Adhesion in Biological Systems. Academic
Press, Inc., London.

Mclaughlin, S., Poo, M.-M., 1981. The role of electro-osmosis in
the electric-field-induced movement of charged

macromolecules on the surfaces of cells. Biophys. J. 34, 85-93.

Prochazkova, G., Safarik, I., Branyik, T., 2012. Harvesting
microalgae with microwave synthesized magnetic
microparticles. Bioresour. Technol. 130, 472-477.

Toh, P.Y,, Pin, S.W,, Kong, L.P, Ng, BW,, Chan, DJ.C,, Ahmad, AL,
Lim, J K., 2012. Magnetophoretic removal of microalgae from
fishpond water: feasibility of high gradient and low gradient
magnetic separation. Chem. Eng. J. 211-212, 22-30.

Toh, P.Y,, Ng, B.W,, Chong, C.H., Ahmad, L.A., Yang, J.-W., Chan,
DJ.C., Lim, J.K., 2014. Magnetophoretic separation of
microalgae: the role of nanoparticles and polymer binder in
harvesting biofuel. RSC Adv. 4, 4114-4121.

Wang, S.-K., Wang, F, Huy, Y.-R,, Stiles, A.R., Guo, C,, Liu, C.-Z.,
2014. Magnetic flocculant for high efficiency harvesting of
microalgal cells. Appl. Mater. Interfaces 6,

109-115.

Wu, W, He, Q,, Jiang, C., 2008. Magnetic iron oxide nanoparticles:
synthesis and surface functionalization strategies. Nanoscale
Res. Lett. 3, 397-415.

Xu, X.Q., Shen, H,, Xu, J.R., Xie, M.D,, Li, X.J., 2006. The colloidal
stability and core-shell structure of magnetite nanoparticles
coated with alginate. Appl. Surf. Sci. 253, 2158-2164.

Xu, L., Guo, C., Wang, F, Zheng, S., Liu, C.Z., 2011. A simple and
rapid harvesting method for microalgae by in situ magnetic
separation. Bioresour. Technol. 102, 10047-10051.

Yadida, R., Abeliovich, A., Belfort, G., 1977. Algae removal by high
gradient magnetic filtration. Environ. Sci. Technol. 11,
913-916.

Yeap, S.P.,, Ahmad, A.L., Ooi, B.S., Lim, J.K., 2012a. Electrosteric
stabilization and its role in cooperative magnetophoresis of
colloidal magnetic nanoparticles. Langmuir 28, 14878-14891.

Yeap, S.P,, Toh, P.Y,, Ahmad, A.L., Low, S.C., Majetich, S.A., Lim,
J.K., 2012b. Colloidal stability and magnetophoresis of
gold-coated iron oxide nanorods in biological media. J. Phys.
Chem. C 116, 22561-22569.



Chemical Engineering Journal 281 {20151 523-530

Contents lists available at ScienceDirect

g ; ) Chemical
Chemical Engineering Journal Engineering
Journal
journal homepage: www.elsevier.com/locate/cej
Effects of dissolved organic matter and suspended solids on the @ sl

magnetophoretic separation of microalgal cells from an aqueous

environment

Chuan Chun Chai®, Zhi Hern Lee?, Pey Yi Toh?, Derek Chan Juinn Chieh*, Abdul Latif Ahmad ?,

Jit Kang Lim *>*

2School of Chemical Engineering, Universiti Sains Malaysia, Nibong Tebal, Penang 14300, Malaysia
b Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, USA

HIGHLIGHTS

« Magnetophoretic separation of
microalgal cells from fishpond water
is feasible.

« Surface functionalization of [ONPs
with PDDA enables successful seeding
of IONPs onto microalgal cells.

« Magnetophoretic separation of
microalgae is affected by suspended
solids and natural organic matter.

» The concentration of surface
functionalized IONPs affects the
removal efficiency and collection rate
of microalgal cells.

ARTICLE INFO

Article history:

Received 19 April 2015

Received in revised form 22 June 2015
Accepted 25 June 2015

Available online 11 July 2015

Keywords:

Magnetic seeding

Magnetic nanoparticle
Magnetophoretic separation
Microalgae removal
Fishpond water

GRAPHICAL ABSTRACT

=

Scparation Separation

.

-
Computitive .\;.-‘;’:-n\-\.r_-liﬂ?-
.

a\i} S /N::nl Organic i

Suspended Solid Functionatized IONPs

ABSTRACT

Magnetic seeding of microalgal cells is required prior to the successful implementation of magne-
tophoretic separation to harvest microalgae from an aqueous environment. Here, poly(diallyldimethylam-
monium chloride) (PDDA) forms with four different molecular weights were used to surface functionalize
iron oxide nanoparticles (IONPs) to promote their attachment onto the cells by electrostatic interaction.
We also investigated the effect of suspended solids and natural organic matter (NOM), which are normally
found in fish farm water, on the magnetic seeding process. Dynamic light scattering (DLS) and elec-

- trophoretic mobility measurement were used to confirm the successful IONP functionalization by

PDDA. For particle imaging, both electron and optical microscopes were used to monitor the IONP attach-
ment on microalgal cells. For low particle-to-cell ratios of 10,000:1 or below, the effects of NOM and sus-
pended solids on magnetophoretic separation of microalgae were obvious, with a cell separation efficiency
that rarely exceeded 20%. For a particle-to-cell ratio in the intermediate range, the formation of large clus-
ters composed of IONPs-suspended solids/NOM-microalgal cells (which were responsive to the magnetic
field) instead of the independent formation of IONPs-suspended solids and/or IONPs-NOM entities is the
main reason for minimum interference of suspended solids and NOM on the magnetophoretic separation.
For a particle-to-cell ratio of 20,000 or higher (equivalent to 100 mg/L of IONPs), it was possible to achieve
98% separation efficiency even under the strong effects of suspended solids and NOM.
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1. Introduction

Microalgae has been widely accepted as a third-generation biofuel
because of its potential to provide renewable energy as biodiesel { 1],
but it also has negative impacts on freshwater fish farming [2]. In
general, algae have a photosynthetic mechanism that produces oxy-
gen as one of the by-products of photosynthesis. From this perspec-
tive, microalgae growth in fish ponds appears to help by providing
oxygen to the pond, but this conjecture is only partially true during
the day time. When the cell density of microalgae increases, microal-
gae start to compete with one another for sunlight and nutrients. The
algae that receive limited sunlight cannot undergo photosynthesis
and start to consume oxygen from the water; this scenario typically
occurs during the night time, which results in oxygen depletion [3].
Under most circumstances, fish can survive in water with an oxygen
level of approximately 5 mgfL. At oxygen levels below 3 mg/L, most
fish will start showing signs of distress, and no fish will survive when
the dissolved-oxygen level drops below 2 mg/L [4]. Annihilation of
the entire fish population can occur overnight when excess microal-
gae consume most of the dissolved oxygen. This circumstance, which
is known as eutrophication, has become the primary water quality
issue for most fresh-water and marine ecosystems in the world [5].

To prevent this disaster from occurring, microalgae must be
maintained at a desired concentration to preserve the oxygen sup-
ply [6]. Numerous methods have been proposed in last few dec-
ades to overcome andfor mitigate this problem [7-11]. Several
methods are readily available as effective options for fish farmers
to employ on their farms. Table S1 shows some conventional meth-
ods that have been practiced for algae treatment and their advan-
tages and disadvantages. Among all available methods, the use of
herbicides is one of the fastest and easiest methods to overcome
microalgae blooming problems [12-16]. In addition, the growth
of aquatic plants, the presence of barley straw and side culture of
oyster and grass carp are some natural methods that are practiced
to control algae blooming [17-20]. More conventional treatment
methods involve the use of commonly found operational units or
strategies such as nutrient removal, sediment pumping, hypolim-
nion oxygenation, and alum treatments, which are sometime per-
formed to control eutrophication {21]. Processes such as filtration,
centrifugation, flocculation, flotation and settling are also actively
pursued as other options [9]. These separation processes are feasi-
ble to achieve high microalgae removal efficiencies; however,
because of some serious drawbacks such as fouling, intensive
energy usage, large time investment and high initial and/or opera-
tional cost, their implementation remains notably limited. In this
context, magnetic separation has been introduced as an interesting
alternative approach to harvesting microalgal cells [22,23].

Magnetic separation has been investigated for microalgae
removal by numerous groups of researchers mainly because of
the advancement of the chemical route in synthesizing magnetic
nanoparticles as the tagging agent and the possible use of magnetic
separators, which are operated under low magnetic field gradient
[24-27). At the initial phase of development in the 1970s [22,23],
high-gradient magnetic separation of microalgae was performed
with submicron magnetic colloidal particles as the tagging agent
[28]. This method is attractive because of its high throughput
and separation efficiency but suffers from high initial investment
and operating costs [3]. Magnetic separation of microalgae is per-
formed to impart magnetic properties to a non-magnetic targeted
compound, microalgal cells in this case, by attaching a magnetic
particle [29]. Subsequently, an externally applied magnetic field
is introduced to induce the final separation of the targeted cells
[25,30]. Hence, the ability for the nanoparticles to attach onto
the microalgal cell becomes critical for the successful application
of this separation process [24].

The attachment of magnetic nanoparticles onto the surface of
microalgae notably depends on the surface charge of the nanoparti-
cles [27]. To attach the magnetic nanoparticles onto the microalgae,
the nanoparticles must be surface functionalized prior to their intro-
duction to the culture medium [31.32). This layer of macro-
molecules, which are mostly cationic polyelectrolyte [27.33],
serves as a binding agent to promote the particle attachment onto
the targeted microalgal cells, enhances their colloidal stability and
maintains their unique property of a high surface-to-volume ratio
[34]. Because the major driving factor for the attachment of these
surface-functionalized magnetic nanoparticles in freshwater is elec-
trostatic interactions [29], the influence of other charged species
such as suspended solids and natural organic matter (NOM) on the
effective implementation of magnetic separation must be studied.

Suspended solids, which are mostly made up of silica-based par-
ticulate matter, and natural organic matter (NOM) are charged spe-
cies that are abundantly present in most fish ponds [35,36). Because
both species are negatively charged in fish farm water as are
microalgal cells, their presence may cause a serious retardation
effect on the magnetic seeding process, where they compete with
microalgae for magnetic nanoparticles. Two phenomena can cause
this competition: (1) electrostatic attraction between the anionic
silica-based suspended solids and the cationic
polyelectrolyte-modified magnetic nanoparticles [37] and the (2)
electrostatic-induced bridging flocculation by natural organic mat-
ter, which rapidly reduces the particle-to-cell ratio [38]. Thus, the
effects of these two species on the implementation of magnetic sep-
aration technology to control microalgal bloom in fish ponds must
be accordingly investigated and is the subject of the present study.

2. Materials and methods
2.1. Materials

Iron oxide magnetic nanospheres (iron(ll, I1I) oxide, nanopow-
der, cas 1317-61-9) were obtained from Sigma-Aldrich, Inc (please
refer to supporting information for the TEM (Fig. S1) and DLS anal-
ysis (Fig. $2) of these particles). These particles composed of mixed
iron oxide phases of magnetite (Fe304) and maghemite (y-Fe,03)
with saturation magnetization at 70.4 emu/g |39]. In DLS analysis,
naked IONPs (Fig. S2(a)) have bigger hydrodynamic size when
compare with functionalized IONPs (Fig. S2(b)). This is due to
naked IONPs tend to agglomerate, however they have greater sta-
bility after the functionalization. PDDA with a very low molecular
weight (vI-PDDA, Mw < 100,000 g/mol), PDDA with a low molecu-
lar weight (1-PDDA, Mw = 100,000-200,000 g/mol), PDDA with a
medium  molecular weight (m-PDDA, Mw =200,000-
350,000g/mol) and PDDA with a high molecular weight
(h-PDDA, Mw = 400,000-500,000 g/mol) and humic acid were
obtained from Sigma-Aldrich, Inc. Deionized water was obtained
using reverse osmosis and subsequently treated using the Milli-Q
Plus system (Millipore) to 18 MQ cm resistivity. Ethanol and 25%
ammonia, which were obtained from Merck, and 98% tetraethy-
lorthosilicate, which obtained from Acros Organics, were used in
the preparation process.

2.2. Microalgae culture

A sample of fishpond water (Fig. 1a) was collected from Aik Lee
Fishery, which is located at Sungai Bakau, Parit Buntar, Perak. To
isolate the microalgae, the collected fish farm water was filled into
a 1L measuring cylinder. The measuring cylinder with fish farm
water was left for 1 h to allow the suspended solids to settle.
Then, a small amount of fish farm water (0.1 mL) was obtained
from the top surface of the measuring cylinder and cultivated in
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Fig. 1. Optical micrograph of microalgal cells (a) originally from fish farm water and (b) after culturing in the lab. The images were captured using an Olympus CX41RF

microscope at 40x with Image Pro Express as the image-processing software.

a Bold Basal medium under aeration. Throughout the entire time
course of our culturing period, the culture was subjected to contin-
uous illumination by fluorescent light at 2000 lux. Before the mag-
netophoretic removal experiments, the cultivation was performed
until a concentration of approximately 1.4 x 107 cells/mL was
achieved. This step was to ensure that the correct particle-to-cell
ratio in subsequent experiments could be maintained by only
adjusting the IONP concentration. The pre-cultivation of microal-
gae was a crucial step to simultaneously standardize our experi-
mental target and avoid all unnecessary interference of the
existing suspended solids and/or dissolved organic compounds in
our study. The Bold Basal medium was prepared using freshly pro-
cessed fish pond water (after removing the suspended solids and
NOM through centrifugation and filtration) as the background
media to ensure that our sample had the same ionic strength as
the fish farm water. Microalgae were cultivated for 2 weeks under
continuous aeration. This sample was monitored under an
Olympus CX41RF microscope, which was equipped with Image
Pro Express imaging software, and the result is shown in Fig. 1b.
It is clearly illustrated in this figure that after 14 days of cultiva-
tion, only one dominating species remained, with an average cell
diameter of 6.6 +3.8 um. The microalgal-cell concentration was
adjusted based on the cell density, which was fixed at
1.4 x 107 cells/mL for all experiments.

2.3. Functionalization of magnetic nanoparticles

Iron oxide nanoparticles were surface functionalized using
PDDA polyelectrolytes with different molecular weights. The main
role of the PDDA cationic polyelectrolyte was to serve as a binder
to promote the attachment of iron oxide nanoparticles onto
microalgal cells [27]. First, iron oxide nanoparticles with a concen-
tration of 1000 mg/L were sonicated for 1h in an FB15050
Fisherbrand Ultrasonic Analog SRH Baths (2.75 L) to form a nicely
dispersed particle suspension in deionized water. Simultaneously,
5 mL of PDDA solution was added into 30 mL of deionized water
and left on an end-to-end rotating mixer at 40 rpm for 1 h to pro-
mote the complete dissolution of the PDDA polymer. Then, 10 mL
of iron oxide nanoparticles with a concentration of 1000 mg/L

Table 1
Hydrodynamic diameter and electrophoretic mobility of IONPs before

was added drop by drop into the PDDA solution, and the mixture
was left on an end-to-end rotating mixer at a mixing speed of
40 rpm for two additional hours to achieve complete surface coat-
ing of the iron oxide nanoparticles with PDDA polyelectrolyte.
These surface-functionalized IONPs were collected using a perma-
nent magnet, and the supernatant, which composed of excess
PDDA polyelectrolyte, was discarded. Then, the particles that were
collected as retentate were redispersed into 30 mL of deionized
water by sonication. The washing steps were repeated for at least
4 times to make sure that all excess PDDA molecules were
removed. After the last washing cycle, the collected particles were
redispersed in 10 mL of deionized water to form a particle suspen-
sion with a concentration of 1000 mg/L. The electrophoretic mobil-
ity and hydrodynamic diameter of the nanoparticle before and
after the functionalization were measured using a Malvern
Instruments Nanosizer to ensure the successful functionalization
with PDDA (see Table 1) [27].

2.4. Microalgae separation

Iron oxide nanoparticles that were functionalized using PDDA
with different molecular weights were used to test their capability
in removing microalgal cells from fish farm water. In addition, the
effect of various experimental constraints such as the concentra-
tions of suspended solids and NOM were also tested to assess the
robustness of this separation strategy. The concentration of
microalgae was measured with a DR 5000 UV-Vis spectropho-
tometer at a wavelength of 675 nm. In addition, the transient
behavior of magnetophoretic separation was also be spectrophoto-
metrically monitored while the separation process was performed
with the experimental setup that we previously discussed [40]. In
short, the cuvette, which was filled with the mixture of microalgae
and surface-functionalized IONPs, was placed into the UV-Vis
spectrophotometer with a permanent magnet (NdFeB) so that its
direction of magnetization was perpendicular to the light path to
continuously monitor (10 min) the progressive changes in cell con-
centration during magnetic separation. The real-time collection of
tagged microalgal cells can be effectively monitored using this
arrangement [3]. To further validate the UV-Vis measurement in

and after the functionalization with PDDA of different molecular

weights. All measurement were conducted within the pH range of 6.3-6.6.

Functionalization Hydrodynamic size (nm) Electrophoretic mobility (pum cm/V s)
No functionalization 327.6 £20.37 -227+0.10
vI-PDDA (Mw < 100,000 g/mol) 195.87 +3.97 4.20+0.01
1-PDDA (Mw = 100,000-200,000 g/mol) 202.07 £2.83 477 +£0.12
m-PDDA (Mw = 200,000-350,000 g/mol) 250.40 £ 2.80 4,98 £0.09

h-PDDA (Mw = 400,000-500,000 g/mol) 317.07 £0.53

526+0.12
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determining the microalgal cell separation efficiency, we visually
inspected the cell density of our sample using the optical micro-
scope at different concentrations after the magnetic separation
(see Table S2 in the supporting information for detail). We
observed a systematic reduction of the absolute microalgal cell
number, and the extent of reduction was at the same order of mag-
nitude as recorded by the spectrophotometry measurement.

2.5. Effect of suspended solids and NOM

Suspended solids or NOM was added into the system to test
their retardation effect on the separation efficiency of functional-
ized IONPs, Here, submicron-sized, monodispersed silica nanopar-
ticles were prepared using the Stiber process and taken as the
model suspended solids. The experiment was conducted with the
presence of either suspended solids or NOM to independently test
their individual effect on the magnetic separation at different con-
centrations. Before the addition of IONPs into the system for sepa-
ration, the suspended solids or NOM was first added into the
system at a controlled concentration. Then, IONPs were mixed into
the system and vigorously shaken for 2 min. Subsequently, this
mixture was immediately transferred into a cuvette. Using a per-
manent magnet (NdFeB), this cuvette was inserted into a UV-Vis
spectrophotometer to continuously monitor (10 min) the progres-
sive changes in cell concentration during magnetic separation [41].

3. Results and discussion
3.1. Effect of the binding agent molecular weight on cell separation

Table 1 shows that after surface functionalization by PDDA, the
IONPs have a smaller hydrodynamic diameter than the bare parti-
cles. This PDDA coating layer plays a role in providing electrosteric
stabilization to the particle suspension with the formation of an
electro-physical barrier around the IONPs. Furthermore, both
hydrodynamic diameter and electrophoretic mobility of the
PDDA-coated I0ONPs increase with the molecular weight of PDDA,
as shown in Table 1. Hence, it is reasonable to hypothesize that
the removal efficiency of the particles will also increase with the
molecular weight of PDDA based on two factors. First, the particles
with a large hydrodynamic diameter should have a larger captur-
ing/anchoring range because of the thicker anchoring PDDA layer.
In addition, because the electrophoretic mobility is directly related
to the surface charge of the particles, this feature strongly affects
the surface absorption process [42). Hence, a higher elec-
trophoretic mobility should correspond to a higher surface absorp-
tion efficiency [43,44]. A direct consequence of these two basic
factors is the improvement in magnetic seeding of IONPs onto
microalgal cells, which subsequently boost the magnetophoretic
separation efficiency of the targeted cells.

The achieved microalgal removal efficiency using IONPs, which
were coated with PDDA of different molecular weights, was tested
and compared. IONP concentrations of 50 and 100 mg/L, which
corresponded to particle-to-cell ratios of 1.06 x 10 and
2.12 x 10% particles/cell, respectively, were used to perform the
experiments. The separation efficiency of each species of
PDDA-decorated IONPs is shown in Table 2. Although the results
are consistent with our hypothesis, the overall improvement is
not notably significant. For example, at a particle-to-cell ratio of
1.06 x 10 particles/cell, the microalgae removal efficiency were
marginally improved by approximately 1.26% (from 87.02% to
88.28%) when the PDDA molecular weight increased from very
low to high. After doubling the particle-to-cell ratio (Table 2), we
continued to observe that the PDDA molecular weight played a
negligible role in affecting the microalgal cell separation efficiency
at fixed particle-to-cell ratios. It should be noted that this observa-
tion contradicts with our previous observation when using PDDA
to induce the flocculation of microalgal cells {27]. Nevertheless,
our observation indicates the negligible contribution of the binder
molecular weight on the IONP-to-cell attachment at high particle
concentrations.

In addition to the final microalgae removal efficiency, the
real-time overall cell separation behavior of IONP-seeded microal-
gal cells under low field gradient was also monitored throughout
the experiment, as illustrated in Fig. 2. For the first 10 s of separa-
tion time, the separation rate for vl-PDDA-, I-PDDA-, m-PDDA- and
h-PDDA-coated IONPs were 6.05%/s, 6.35%/s, 6.97%]s, and 6.42%]s,
respectively. There was almost no dependency of the separation
kinetics on the binder molecular weight. Nevertheless, in this
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Fig. 2. Real-time overall separation efficiency of magnetically seeded microalgae
cells from fish pond water using IONPs, which were functionalized with vI-PDDA, |-
PDDA, m-PDDA and h-PDDA.

Table 2
Overall microalgae separation efficiency that was achieved after exposure to an externally applied magnetic field for 10 min using vI-PDDA-, I-PDDA-, m-PDDA- and h-PDDA-
coated IONPs.
Concentration of iron oxide (mg/L) Number of nanoparticle per cell Molecular weight of PDDA Efficiency (%)
50 10.6 x 10° <100,000 g/mol (vI-PDDA) 87.02
100,000-200,000 g/mol (1-PDDA) 87.87
200,000-350,000 g/mol (m-PDDA) 88.05
400,000-500,000 g/mol (h-PDDA) 88.28
100 212 x 10° <100,000 g/mol (vI-PDDA) 97.67
100,000-200,000 g/motl (I-PDDA) 97.67
200,0600-350,000 g/mo! (m-PDDA) 97.94

400,000-500.000 g/mol (h-PDDA) 97.75
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Fig. 3. (a) Overall separation efficiency and (b) initial separation rate of microalgal cells that were seeded with PDDA-functionalized IONPs at different silica colloid

concentrations.

study, we selected m-PDDA as the binding agent for subsequent
experiments because the m-PDDA-coated IONPs provided a
slightly better result in terms of the separation efficiency and the
consistent harvesting time for microalgae separation.

3.2. Effect of the suspended solids

In this study, silica colloid was used to simulate the role of sus-
pended solids in the fish farm water. The silica colloid that we used
has a hydrodynamic diameter of 427.4nm and is positively
charged with a zeta potential of —41.9 mV (electrophoretic mobil-
ity of —3.281 pm cm/V s). Because the removal of microalgal cells
with IONPs is strongly dependent on the surface charge [27], the
presence of silica colloid with a similar charge to that of microalgal
cells (electrophoretic mobility at —1.856 pm cm/V s) imposes a
competitive effect to serve as an alternate platform for the attach-
ment of IONPs. In this situation, the performance of the IONPs to
remove microalgae from fish farm water can be suppressed; hence,
its contribution must be evaluated.

It has been reported that the average concentration of sus-
pended solids for ground water is approximately 200 mg/L and
can approach 600 mg/L in some extreme cases [45,46]. Hence,
our experiment was performed in the concentration range of
50-750 mg/L of silica colloid to cover the typical and extreme
ranges of suspended solids. Fig. 3a shows that only at low IONP
concentrations was the effect of silica colloid on the overall
microalgae removal substantial. The overall removal efficiency
increased to approximately 98% for all concentration ranges of sil-
ica colloid in this study and remained constant when the IONP con-
centration exceeded 100 mg/L. However, magnetic collection of
microalgal cell at IONP concentrations below 50 mg/L (1.06 x 10% -
particles/cell) was lower than 98% because of the insufficient
amount of IONPs attaching onto the surface of the microalgae cells.
Because the magnetophoretic force is directly proportional to the
magnetic volume, a sufficient amount of IONPs is necessary to ini-
tiate the magnetic separation. This experimental finding contra-
dicts with the collision frequency analysis (see the supporting
information for the calculation), where the 10NPs-silica colloid
with a collision frequency on the order of approximately 10?7 is
much higher than the IONPs-microalgae collision in the range of
10'7-10'® (Table 3). With a collision frequency at almost 10 orders
of magnitude higher, the formation of IONPs-silica colloid should
be more dominant than IONPs-microalgae, which subsequently
prohibits the effective separation of microalgal cells using IONPs.
However, as shown in Fig. 3a, the presence of silica colloid even

at a notably high IONP-to-silica ratio of 14.74 particles/colloid,
which corresponds to a silica colloid concentration of 750 mg/L
and a IONP concentration of 50 mg/L, imposed minimum effects
on the overall cell separation efficiency.

By further examining the IONP distribution on the silica colloid
and microalgal cells using TEM, we observed that the IONPs were
intensively adsorbed on both species (Fig. 4). These adsorbed
IONPs further induced the bridging flocculation between the silica
colloid and the microalgae, which led to the formation of a silica
colloid-IONP-cell cluster. Because of the excessive inclusion of
magnetic [IONPs in this cluster, the magnetic separation of microal-
gal cells (in the form of silica colloid-IONP-cell clusters) from its
aqueous environment can still be performed without decreasing
its overall separation efficiency as illustrated in Fig. 3a. However,
an obvious detrimental effect on the magnetic separation of
microalgal cells with an excessive amount of silica colloid is the
decrease in the separation rate (Fig. 3b).

Throughout the entire range of IONP concentration that we
investigated, the separation rate of microalgae decreased when
the concentration of silica colloid increased. The most dramatic
reduction was observed at the IONP concentration of 100 mg/L
(equivalent to an IONP-to-cell ratio of 2.12 x 10%), where the initial
separation rate decreased from 6%/s to less than 2%/s when the
concentration of silica colloid increased from 50 to 750 mgjL.
More interestingly, an IONP concentration of 100 mg/L is a turning
point for all cases of silica colloid, where the separation rate
increased with the IONP concentration up to 100 mg/L and started
to decrease with further increases in IONP concentration. The
declining separation rate with the increase in IONP concentration
is counter-intuitive because the magnetophoretic force is propor-
tional to the magnetic volume; hence, the driving force of magnetic
separation should be higher when the IONP concentration
increased [3]. By monitoring the size of the silica
colloid-IONPs-cell clusters that formed from 100 to 150 mg/L
(Table S3 in the supporting information), we observed that the
averaged cluster size decreased from approximately 700 um to
approximately 100 pm. The reduction in silica colloid-IONP-cell
cluster size, which was accompanied by the decrease in effective
magnetic volume that was embedded in this cluster, is the main
contributing factor toward the decrease in separation rate when
the IONP concentration increases beyond 100 mg/L.

The cluster formation notably depends on the surface charge of
the microalgae. In fact, the attachment of functionalized IONPs
onto a microalgal cell changes its surface charge (initial elec-
trophoretic mobility at —1.856 pmcm/Vs) from negative to
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Table 3

Calculated collision frequency of IONPs-microalgae and IONPs-silica colloids at different IONP concentrations. The concentration of silica colloid in this calculation is 750 mg/L.
which is almost the upper limit for the suspended solids concentration that was found in surface water.

Collision frequency (collision/s m?)
Concentration of IONPs (mg/L)

10 50 100 150 200
IONPs-microaglae 4.5 x 10" 22 %10 45x 10" 6.8 x 10'* 9.0 x 10'®
1ONPs-silica colloid 1.5 x 107 7.8 x 1077 1.5 x 10%7 2.3 x 10% 3.1 x 10%

Fig. 4. TEM micrograph of the attachment of IONPs onto both microalgal cells (large
dark spot at the bottom left corner) and silica colloids.

positive. Microalgal cells that are fully covered with IONPs have
positive surface charges, whereas the non-covered portions of the
cells are negatively charged. Hence, at low IONP concentrations
such as at 100 mg/L, the incomplete surface coverage of microalgal
cells and silica colloid makes the inter- and intra-bridging of these
two entities to occur more readily. This circumstance leads to the
formation of larger particle-cell clusters, which are more magne-
tophoretically responsive, as observed in Fig. 5. At higher IONP
concentrations such as 150 mg/L, we suspect that because of the
higher number of presenting 10NPs, the surface coverage of
microalgal cells with IONP increases until a point at which the
particle-stabilized cellfsilica colloid remains pseudo-stable.
Hence, the silica colloid-IONPs-cell clusters that are formed are rel-
atively smaller, and this situation leads to a lower separation rate.

3.3. Effect of natural organic matter (NOM)

Fig. 5a shows that the removal efficiency of microalgal cells
from fish farm water increases as the concentration of functional-
ized IONPs that is added to the system increases. With the increase
in IONP concentration, the absolute magnetic volume that is asso-
ciated with each cell after seeding also increases. Under the princi-
ple of cooperative magnetophoresis, this scenario improves the
overall microalgae separation efficiency [27]. In addition to the
particle concentration effect in Fig. 5a, the presence of NOM
(humic acid) obviously imposes negative effects on the perfor-
mance of IONPs in microalgae removal.

The adsorption of NOM has been discussed by Sposito, and it
involves several mechanisms such as electrostatic interaction,
ligand exchange surface complexation, hydrophobic interaction
and cation bridging [47]. Because electrostatic interaction is the
key driving mechanism for the attachment of surface-
functionalized IONPs on microalgal cells in fresh water [27,29],
the presence of negatively charged NOM will significantly interfere
with this attachment process. Humic acid, which is used to simulate
the role of NOM, has a molecular structure containing phenolic and
carboxylic compounds as the associated functional group that con-
tributes to its negative surface charge [48]. This characteristic
makes NOM easily attracted to the surface-functionalized IONPs
with an opposite surface charge via electrostatic interaction, which
causes extensive flocculation prior to their attachment onto the
microalgal cells. From only this perspective, the flocculation of
IONPs likely suppresses the magnetic separation efficiency (see
Fig. 5a) because of two reasons: (1) the formation of particle clusters
will significantly decrease the absolute number of available parti-
cles for the cells and (2) although the formed particle cluster, which
has a much larger magnetic volume, can be attached onto the cells, it
will eventually experience a much higher magnetophoretic force
during the separation process |49]. The resulting stress that is
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imposed onto the binding region between the cluster and the cell
may be too high, i.e., up to an extent where the entire cluster can
be ripped away from the labeled cell surface during its migration
along the field gradient. Fig. 5a shows that the adverse effect of
NOM becomes almost negligible when the IONP concentration
exceeds 100 mg/L. This observation further supports our hypothe-
sis, where the dependency of the magnetophoretic separation of
microalgae on the IONP concentration is a threshold phenomenon:
beyond the particle-to-cell ratio of 5.3 x 10* particles/cell, the sep-
aration efficiency is independent of the particle concentration.

In addition to the overall separation efficiency, the initial collec-
tion rate of IONP-tagged microalgae also strongly depends on the
NOM concentration. Fig. 5b illustrates the kinetic profile of the
magnetophoretic separation process with IONP concentrations of
10, 50, 75, 100, 150 and 200 mg/L. The initial collection rate profile
exhibits a notably similar trend as those in Fig. 3b. Fig. 5b shows
that the initial collection rate of microalgae is suppressed by the
increase in NOM concentration. At the “optimal” IONP concentra-
tion, the sample(s) with lower humic acid concentrations shows
higher initial rates of recollection, whereas a lower initial collec-
tion rate is observed for those sample(s) with higher humic acid
concentrations. The presence of IONPs enables microalgae and
IONPs to form larger clusters and consequently experience a larger
magnetophoretic force for easy collection [50]. However, humic
acid causes bridging flocculation, which may destabilize the
IONPs and lead to the formation of larger particle clusters [51].
This particle cluster formation significantly reduces the number
of available IONPs, which serve as the magnetic seeding agent.
Although a single large cluster of IONPs can experience a higher
magnetophoretic force compared to the individual IONPs, it is sta-
tistically less effective in promoting the particles-microalgae-hu
mic acid aggregation. With fewer available IONPs to initiate further
aggregation of humic acid and microalgal cells, smaller particles—
microalgae-humic acid clusters are forrmed. We conclude that this
phenomenon is the main reason for the observed decrease in the
rate of microalgae separation in Fig. 5b.

4. Conclusion

Magnetic seeding of microalgal cells with IONPs is a required
step prior to successful implementation of magnetophoretic sepa-
ration. The surface functionalization of IONPs with cationic poly-
electrolyte PDDA enables the successful attachment of IONPs
onto the surface of microalgal cells using mainly electrostatic
interaction, and the recorded cell separation efficiency was as high
as 98%. Nevertheless, the molecular weight of polyelectrolyte,
which was used to surface functionalize IONPs, has a notably neg-
ligible to almost no effect on the total cell separation efficiency. At
low particle-to-cell ratios, the presence of suspended solids and
NOM strongly suppresses the overall separation efficiency and col-
lection rate of microalgae. All of these negative effects are dimin-
ished at high particle-to-cell ratios mainly because both NOM
and suspended solids play an important role in inducing IONPs—
microalgae aggregation. When more IONPs are trapped within,
the formation of large particle-cell clusters with higher magnetic
content speeds up the separation process and boosts the overall
cell separation efficiency. Our study suggests that the magne-
tophoretic separation process is almost entirely governed by a
threshold phenomenon, where a certain “optimal” particle-to-cell
ratio is required to ensure successful magnetic seeding. To success-
fully adapt the magnetophoretic process to separate microalgae
from fish farm water or any aqueous environment with the pres-
ence of foreign species, it is imperative to determine the proper
particle-to-cell ratio to exclude all external interferences.
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Abstract

Here we provide a complete review on the use of dynamic light scattering (DLS) to study the size distribution and
colloidal stability of magnetic nanoparticles (MNPs). The mathematical analysis involved in obtaining size information
from the correlation function and the calculation of Z-average are introduced. Contributions from various variables,
such as surface coating, size differences, and concentration of particles, are elaborated within the context of
measurement data. Comparison with other sizing techniques, such as transmission electron microscopy and dark-field
microscopy, revealed both the advantages and disadvantages of DLS in measuring the size of magnetic nanoparticles.
The self-assembly process of MNP with anisotropic structure can also be monitored effectively by DLS.

Keywords: Dynamic light scattering; Magnetic nanoparticles; Colloidal stability; Surface functionalization; Review
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Introduction

Magnetic nanoparticles (MNPs) with a diameter between
1 to 100 nm have found uses in many applications [1,2].
This nanoscale magnetic material has several advantages
that provide many exciting opportunities or even a solu-
tion to various biomedically [3-5] and environmentally
[6-8] related problems. Firstly, it is possible to synthesize
a wide range of MNPs with well-defined structures and
size which can be easily matched with the interest of
targeted applications. Secondly, the MNP itself can be
manipulated by an externally applied magnetic force.
The capability to control the spatial evolution of MNPs
within a confined space provides great benefits for the
development of sensing and diagnostic system/tech-
niques [9,10]. Moreover MNPs, such as Fe® and Fe3Oy,
that exhibit a strong catalytic function can be employed
as an effective nanoagent to remove a number of persist-
ent pollutants from water resources [11,12]. In addition
to all the aforementioned advantages, the recent devel-
opment of various techniques and procedures for produ-
cing highly monodispersed and size-controllable MNPs
[13,14] has played a pivotal role in promoting the active
explorations and research of MNPs.
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In all of the applications involving the use of MNPs,
the particle size remained as the most important param-
eter as many of the chemical and physical properties as-
sociated to MNPs are strongly dependent upon the
nanoparticle diameter. In particular, one of the unique
features of a MNP is its high-surface-to-volume ratio,
and this property is inversely proportional to the diam-
eter of the MNP. The smaller the MNP is, the larger its
surface area and, hence, the more loading sites are avail-
able for applications such as drug delivery and heavy
metal removal. Furthermore, nanoparticle size also de-
termines the magnetophoretic forces (Fi,g) experienced
by a MNP since F,,, is directly proportional to the vol-
ume of the particles [15]. In this regard, having size in-
formation is crucial as at nanoregime, the MNP is
extremely susceptible to Stoke’s drag [16] and thermal
randomization energy [17]. The successful manipulation
of MNP can only be achieved if the Fy,,, introduced is suf-
ficient to overcome both thermal and viscous hindrances
[18]. In addition, evidences on the (eco)toxicological im-
pacts of nanomaterials have recently surfaced [19]. The
contributing factors of nanotoxicity are still a subject of
debate; however, it is very likely due to either (1) the char-
acteristic small dimensional effects of nanomaterials that
are not shared by their bulk counterparts with the same
chemical composition [20] or (2) biophysicochemical in-
teractions at the nano-bio interface dictated by colloidal
forces [21]. For either reason, the MNP’s size is one of the
determining factors.
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The technique of dynamic light scattering (DLS) has
been widely employed for sizing MNPs in liquid phase
[22,23]. However, the precision of the determined par-
ticle size is not completely understood due to a number
of unevaluated effects, such as concentration of particle
suspension, scattering angle, and shape anisotropy of
nanoparticles [24]. In this review, the underlying work-
ing principle of DLS is first provided to familiarize the
readers with the mathematical analysis involved for cor-
rect interpretation of DLS data. Later, the contribution
from various factors, such as suspension concentration,
particle shape, colloidal stability, and surface coating of
MNPs, in dictating the sizing of MNPs by DLS is
discussed in detail. It is the intention of this review to
summarize some of the important considerations in
using DLS as an analytical tool for the characterization
of MNPs.

Overview of sizing techniques for MNPs

There are numerous analytical techniques, such as DLS
[25], transmission electron miscroscopy (TEM) [26],
thermomagnetic measurement [27], dark-field micros-
copy [17,18], atomic force microscopy (AFM) [28], and
acoustic spectrometry measurement [29], that have been
employed to measure the size/size distribution of MNPs
(Table 1). TEM is one of the most powerful analytical
tools available which can give direct structural and size
information of the MNP. Through the use of the short
wavelengths achievable with highly accelerated electrons,
it is capable to investigate the structure of a MNP down
to the atomic level of detail, whereas by performing
image analysis on the TEM micrograph obtained, it is
possible to give quantitative results on the size distribu-
tion of the MNP. This technique, however, suffered from
the small sampling size involved. A typical MNP suspen-
sion composed of 10 to 10'® particles/mL and the size
analysis by measuring thousands or even tens of thou-
sands of particles still give a relatively small sample pool
to draw statistically conclusive remarks.

Thermomagnetic measurement extracts the size distri-
bution of an ensemble of superparamagnetic nanoparticles
from zero-field cooling (ZFC) magnetic moment, mzpc
(T), data based on the Néel model [27]. This method is an
indirect measurement of particle size and relies on the

Table 1 Common analytical techniques and the
associated range scale involved for nanoparticle sizing

Techniques Approximated working size range

Dynamic light scattering 1 nm to approximately 5 um

Transmission electron microscopy 0.5 nm to approximately 1 pm
1 nm to approximately 1 pm
5 to 200 nm

10 to approximately 50 nm

Atomic force microscopy
Dark-field microscopy
Thermomagnetic measurement
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underlying assumption of the mathematical model used to
calculate the size distribution. In addition, another limita-
tion of this analytical method includes the magnetic field
applied for ZFC measurements which must be small com-
pared to the anisotropy field of the MNPs [30], and it also
neglects particle-particle dipolar interactions which in-
crease the apparent-blocking temperature [31]. This tech-
nique, however, could give a very reliable magnetic size of
the nanoparticle analyzed.

Dark-field microscopy relies on direct visual inspection
of the optical signal emitted from the MNP while it under-
goes Brownian motion. After the trajectories of each MNP
over time t are recorded, the two-dimensional mean-
squared displacement <r*> = 4Dt is used to calculate the
diffusion coefficient D for each particle. Later on, the
hydrodynamic diameters can be estimated via the Stokes-
Einstein equation for the diffusion coefficients calculated
for individual particles, averaging over multiple time steps
[18]. Successful implementation of this technique depends
on the ability to trace the particle optically by coating the
MNP with a noble metal that exhibits surface Plasmon
resonance within a visible wavelength. This extra synthesis
step has significantly restricted the use of this technique as
a standard route for sizing MNPs. The size of an MNP
obtained through dark-field microscopy is normally larger
than the TEM and DLS results [17]. It should be noted that
dark-field microscopy can also be employed for direct
visualization of a particle flocculation event [32]. As for
AFM, besides the usual topographic analysis, magnetic im-
aging of a submicron-sized MNP grown on GaAs substrate
has been performed with magnetic force microscopy
equipment [33]. Despite all the recent breakthroughs, sam-
ple preparation and artifact observation are still the limit-
ing aspect for the wider use of this technology for sizing
MNPs [34].

The particle size and size distribution can also be mea-
sured with an acoustic spectrometer which utilizes the
sound pulses transmitted through a particle suspension
to extract the size-related information [29]. Based on the
combined effect of absorption and scattering of acoustic
energy, an acoustic sensor measures attenuation fre-
quency spectra in the sample. This attenuation spectrum
is used to calculate the particle size distribution. This
technique has advantages over the light scattering
method in studying samples with high polydispersity as
the raw data for calculating particle size depend on only
the third power of the particle size. This scenario makes
contribution of the small (nano) and larger particles
more even and the method potentially more sensitive to
the nanoparticle content even in the very broad size dis-
tributions [35].

DLS, also known as photon correlation spectroscopy,
is one of the most popular methods used to determine
the size of MNPs. During the DLS measurement, the
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MNP suspension is exposed to a light beam (electromag-
netic wave), and as the incident light impinges on the
MNP, the direction and intensity of the light beam are
both altered due to a process known as scattering [36].
Since the MNPs are in constant random motion due to
their kinetic energy, the variation of the intensity with
time, therefore, contains information on that random
motion and can be used to measure the diffusion coeffi-
cient of the particles [37]. Depending on the shape of
the MNP, for spherical particles, the hydrodynamic ra-
dius of the particle Ry can be calculated from its diffu-
sion coefficient by the Stokes-Einstein equation Dy =
kgT/6mnRy, where kg is the Boltzmann constant, T is the
temperature of the suspension, and # is the viscosity of
the surrounding media. Image analysis on the TEM mi-
crographs gives the ‘true radius’ of the particles (though
determined on a statistically small sample), and DLS
provides the hydrodynamic radius on an ensemble aver-
age [38]. The hydrodynamic radius is the radius of a
sphere that has the same diffusion coefficient within the
same viscous environment of the particles being
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measured. It is directly related to the diffusive motion of
the particles.

DLS has several advantages for sizing MNPs and has
been widely used to determine the hydrodynamic size of
various MNPs as shown in Table 2. First of all, the meas-
uring time for DLS is short, and it is almost all auto-
mated, so the entire process is less labor intensive and
an extensive experience is not required for routine
measurement. Furthermore, this technique is non-
invasive, and the sample can be employed for other pur-
poses after the measurement. This feature is especially
important for the recycle use of MNP with an expensive
surface functional group, such as an enzyme or molecu-
lar ligands. In addition, since the scattering intensity is
directly proportional to the sixth power of the particle
radius, this technique is extremely sensitive towards the
presence of small aggregates. Hence, erroneous measure-
ment can be prevented quite effectively even with the
occurrences of limited aggregation events. This unique
feature makes DLS one of the very powerful techniques
in monitoring the colloidal stability of MNP suspension.

Table 2 Hydrodynamic diameter of different MNPs determined by DLS

Type of MNPs Surface coating Hydrodynamic diameter by DLS (hm) Reference
Fe® Carboxymethyl cellulose 15-19 (39]
Guar gum 350-700 [40)
Poly(methacrylic acid)-poly(methyl methacrylate)-poly 100-600 (41]
(styrenesulfonate) triblock copolymer
Poly(styrene sulfonate) 30-90 (22
y-Fe;0; Oleylamine or oleic acid 5-20 42)
Poly(N,N-dimethylacrylamide) 55-614 43)
Poly(ethylene oxide)-block-poly{glutamic acid) 4268 [44)
Poly(ethylene imine) 20-75 [45]
Poly(e-caprolactone) 193+7 (46)
Fe;04 Phospholipid-PEG 147 +14 “7
Polydimethylsiloxane 412+ 04 {48)
Oleic acid-pluronic 50-600 [49)
Polyethylenimine (PEl) 50-150 [23,50)
Polythylene glycol 10-100 {51]
Triethylene glycol 165 £ 35 52)
Poly(N-isopropylacrylamide) 15-60 [53]
Pluronic F127 36 (54]
Poly{sodium 4-styrene sulfonate} ~200 155)
Poly(diallyldimethylammonium chloride) 1074 £ 537 [56)
FePt Poly(diallyldimethylammonium chloride) 30-100 [57)
NiO Cetyltrimethyl ammonium bromide 10-80 {58]
fetal bovine serum 39.05 (59]
Not specified 750 + 30 {60]
Co0, Co,03 Poly(methy! methacrylate) 59-85 611
CoFe Hydroxamic and phosphonic acids 6.5-458.7 (62
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The underlying principle of DLS

The interaction of very small particles with light defined
the most fundamental observations such as why is the
sky blue. From a technological perspective, this inter-
action also formed the underlying working principle of
DLS. It is the purpose of this section to describe the
mathematical analysis involved to extract size-related in-
formation from light scattering experiments.

The correlation function

DLS measures the scattered intensity over a range of
scattering angles 6 for a given time fy in time steps At.
The time-dependent intensity I(g, t) fluctuates around
the average intensity I(g) due to the Brownian motion of
the particles [38]:

[q)] = limy 1/, S5 1(q,£) dt= im 2 55, 1(q,-00) (1)

where [I(g)] represents the time average of I(g). Here, it
is assumed that #;, the total duration of the time step
measurements, is sufficiently large such that I(g) repre-
sents average of the MNP system. In a scattering experi-
ment, normally, 84 (see Figure 1) is expressed as the
magnitude of the scattering wave vector g as

q = (4nnfA) sin(Ba/2) (2)

where # is the refractive index of the solution and A is
the wavelength in vacuum of the incident light. Figure 2a
illustrates typical intensity fluctuation arising from a dis-
persion of large particles and a dispersion of small parti-
cles. As the small particles are more susceptible to
random forces, the small particles cause the intensity to
fluctuate more rapidly than the large ones.

The time-dependent intensity fluctuation of the
scattered light at a particular angle can then be cha-
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racterized with the introduction of the autocorrelation
function as

(g, 7) = limy1/, [§1(q,2)1(g, t + 7)-dt (3)

!i.m,{ T ol(q.i-0t)-I(q, (i +/)-At)

where 7 = i At is the delay time, which represents the
time delay between two signals I(g,i At) and f(g,(i + /)
At). The function C(g,17) is obtained for a series of r and
represents the correlation between the intensity at ¢; (
(g:t1)) and the intensity after a time delay of r (I(g,t; +
7)). The last part of the equation shows how the autocor-
relation function is calculated experimentally when the
intensity is measured in discrete time steps [37]. As for
nanoparticle dispersion, the autocorrelation function de-
cays more rapidly for small particles than for the large
particles as depicted in Figure 2b. The autocorrelation
function has its highest value of [[(g,0)]* at 7 = 0. As T
becomes sufficiently large at long time scales, the fluctu-
ations becomes uncorrelated and C(gq,7) decreases to [/
(¢)]%. For non-periodic I(g,t), a monotonic decay of C
(q,7) is observed as 7 increases from zero to infinity and

Cla. ) pgp =€? @) =1+€g@ 0" @

where £ is an instrument constant approximately equal
to unity and 2(g,7) is the normalized electric field cor-
relation function [63]. Equation 4 is known as the
Siegert relation and is valid except in the case of scatter-
ing volume with a very small number of scatterers or
when the motion of the scatterers is limited. For mono-
disperse, spherical particles, g"(7) is given by

MNPs suspension
within refractive index

matching fluid
Laser source

incident k=22 4

light Scatteré'd-._

light

‘@ § Dlgltal signal processor |
Correlator

Figure 1 Optical configuration of the typical experimental setup for dynamic light scattering measurements. The setup can be operated
Lal multiple angles.
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Figure 2 Schematic illustration of intensity measurement and the corresponding autocorrelation function in dynamic tight scattering.

The figure illustrates dispersion composed of large and small particles. (a) Intensity fluctuation of scattered light with time, and (b} the variation
of autocorrelation function with delay time.
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Once the value of Dy is obtained, the hydrodynamic
diameter of a perfectly monodisperse dispersion com-
posed of spherical particles can be inferred from the Zzgyerage

Stokes-Einstein equation. Practically, the correlation [n most cases, the DLS results are often expressed in
function observed is not a single exponential decay but  terms of the Z-average. Since the Z-average arises when
can be expressed as DLS data are analyzed through the use of the cumulant
- _ technique [64], it is also known as the “cumulant mean.”
gq,7) =] 5G(D)erdr 6) Under Rayleigh scattering, the amount of light scattered
where G(I) is the distribution of decay rates I. For a nar- by a single particle is proportional to the sixth power of
rowly distributed decay rate, cumulant method can be  its radius (volume squared). This scenario causes the av-
used to analyze the correlation function. A properly nor- eraged hydrodynamic radius determined by DLS to be

malized correlation function can be expressed as also weighted by volume squared. Such an averaged
property is called the Z-average. For particle suspension
In (g“)(q -,)) =—(N)r+ L P (7)  with discrete size distribution, the Z-average of some ar-

’ 2

bitrary property y would be calculated as

where (I) is the average decay rate and can be defined as

Z,-n,-Rf_,,‘-yi 10
(ry = fgG(r)yrdr (8) by =7 &, (10)
and g, = (I> - (I? is the variance of the decay rate dis-
tribution. Then, the polydispersity index (PI) is defined where #; is the number of particles of type i having a
as Pl = p,/(I)>. The average hydrodynamic radius is hydrodynamic radius of Ry; and property y. If we as-
obtained from the average decay rate (I) using the sume that this particle dispersion consists of exactly two

relation sizes of particles 1 and 2, then Equation 10 yields
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where Ry; and y; are the volume and arbitrary property
for particle 1 (i = 1) and particle 2 (i = 2). Suppose that
two particles 1 combined to form one particle 2 and as-
sume that we start with #, total of particle 1, some of
which combined to form #; number of particle 2. With
this assumption, we have n, = ng — 1, number of particle
1. Moreover, under this assumption Ry = 2 Ryr;. Sub-
stitute these relations into Equation 11; then, the Z-aver-
age of property y becomes

) Lt (2(2)-1)2(3) (12)

N 1 +2(£2)

"y

where 2n,/n, is the fraction of total particle 1 existing as
particle 2. Solving this fraction, we obtained

{

29 e yil)—l

ng _0) g
DI it

(13)

However, it should be noted that Z-average should only
be employed to provide the characteristic size of the parti-
cles if the suspension is monomodal (only one peak),
spherical, and monodisperse. As shown in Figure 3, for a
mixture of particles with obvious size difference (bimodal
distribution), the calculated Z-average carries irrelevant
size information.

DLS measurement of MNPs
The underlying challenges of measuring the size of
MNPs by DLS lay in the facts that (1) for engineering
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applications, these particles are typically coated with
macromolecules to enhance their colloidal stability
(see Figure 4) and (2) there present dipole-dipole mag-
netic interactions between the none superparamagnetic
nanoparticles. Adsorbing macromolecules onto the sur-
face of particles tends to increase the apparent Ry of
particles. This increase in Ry is a convenient measure of
the thickness of the adsorbed macromolecules [65]. This
section is dedicated to the scrutiny of these two phe-
nomena and also suspension concentration effect in dic-
tating the DLS measurement of MNPs. All DLS
measurements were performed with a Malvern Instru-
ment Zetasizer Nano Series (Malvern Instruments,
Westborough, MA, USA) equipped with a He-Ne laser
(A = 633 nm, max 5 mW) and operated at a scattering
angle of 173°. In all measurements, 1 mL of particle sus-
pensions was employed and placed in a 10 mm x 10
mm quartz cuvette. The iron oxide MNP used in this
study was synthesized by a high-temperature decompos-
ition method [17].

Size dependency of MNP in DLS measurement

In order to demonstrate the sizing capability of DLS,
measurements were conducted on three species of
Fe;O4 MNPs produced by high-temperature decompos-
ition method which are surface modified with oleic acid/
oleylamine in toluene (Figure 5). The TEM image ana-
lyses performed on micrographs shown in Figure 5
(from top to bottom) indicate that the diameter of each
particle species is 7.2 + 0.9 nm, 14.5 + 1.8 nm, and 20.1
+ 4.3 nm, respectively. The diameters of these particles
obtained from TEM and DLS are tabulated in Table 3. It
is very likely that the main differences between the mea-
sured diameters from these two techniques are due to

Z-average

Ylntensity

—— o — - -

4 C(q. 1),

/

/ Log(r')

Figure 3 Z-average (cumulant) size for particle suspension with bimodal distribution.
)

4

Ry, nm
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Figure 4 Pictorial representation of two MNPs and major interactions. The image shows two MNPs coated with macromelecules with
repeated segments and the major interactions involved between them in dictating the colloidal stability of MNP suspension.
-

Hydrodynamic radius

the presence of an adsorbing layer, which is composed of
oleic acid (OA) and oleylamine (OY), on the surface of
the particle. Small molecular size organic compounds,
such as OA and QY, are electron transparent, and there-
fore, they did not show up in the TEM micrograph
(Figure 5). Given that the chain lengths of OA and OY
are approximately 2 nm [66,67], the best match of DLS
and TEM, in terms of measured diameter, can be ob-
served from middle-sized Fe;O, MNPs.

For small-sized MNPs, the radius of curvature effect is
the main contributing factor for the large difference ob-
served on the averaged diameter from DLS and TEM.
This observation has at least suggested that for any in-
ference of layer thickness from DLS measurement, the
particles with a radius much larger than the layer thick-
ness should be employed. In this measurement, the frac-
tional error in the layer thickness can be much larger
than the fractional error in the radius with the measure-
ment standard deviation of only 0.9 nm for TEM but at
a relatively high value of 5.2 nm for DLS. At a very large
MNP size of around 20 nm (bottom image of Figure 5),
the Z-average hydrodynamic diameter is 23 nm larger
than the TEM size. Moreover, the standard deviation of
the DLS measurement of this particle also increased sig-
nificantly to 14.9 nm compared to 5.2 and 5.5 nm for
small- and middle-sized MNPs, respectively. This trend
of increment observed in standard deviation is consist-
ent with TEM measurement. Both the shape irregularity
and polydispersity, which are the intrinsic properties that
can be found in a MNP with a diameter of 20 nm or
above, contribute to this observation. For a particle lar-
ger than 100 nm, other factors such as electroviscous
and surface roughness effects should be taken into con-
sideration for the interpretation of DLS results [68].

MNP concentration effects

In DLS, the range of sample concentration for optimal
measurements is highly dependent on the sample mate-
rials and their size. If the sample is too dilute, there may
be not enough scattering events to make a proper meas-
urement. On the other hand, if the sample is too con-
centrated, then multiple scattering can occur. Moreover,
at high concentration, the particle might not be freely
mobile with its spatial displacement driven solely by
Brownian motion but with the strong influences of par-
ticle interactions. This scenario is especially true for the
case of MNPs with interparticle magnetic dipole-dipole
interactions.

Figure 6 illustrates the particle concentration effects
on 6- and 18-nm superparamagnetic iron oxide MNPs,
with no surface coating, dispersed in deionized water.
Both species of MNPs show strong concentration de-
pendency as their hydrodynamic diameter increases with
the concentration increment. The hydrodynamic diam-
eter for small particles increases from 7.1 £ 1.9 nm to
13.2 + 3.3 nm as the MNP concentration increases from
25 to 50 mg/L. On the other hand, the hydrodynamic
diameter of large particles remains to be quite constant
until around 100 mg/L and then only experiences a
rapid jump of the detected size from 29.3 + 4.6 nm (at
100 mg/L) to 177.3 + 15.8 nm (at 250 mg/L). Since the
concentration of the MNP is prepared in mass basis, the
presence of an absolute number of particles in a given
volume of solution is almost two orders of magnitude
higher in a small-particle suspension. For example, at
100 mg/L, the concentrations for small and larger parti-
cles are calculated as 1.7 x 10?° particles (pts)/m® and
6.3 x 10'® pts/m® by assuming that the composition ma-
terial is magnetite with a density of 5.3 g/em®. This
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Figure 5 TEM micrographs of Fe;0, MNPs with their size distribution determined by DLS. The Z-average of MNP calculated from the DLS
data is {top) 169 + 52 nm, {middle) 21.1 £ 5.5 nm, and (bottomn) 43.1 + 14.9 nm, respectively.
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Table 3 Diameter of Fe;0, MNP determined by TEM and
DLS (Z-average)

Particle TEM (nm) DLS (nm) Difference (nmi
FeiO, 7.2 16.9 97

145 21.1 6.6

20.1 431 230

concentration translated to a collision frequency of
85,608 s~! and 1,056 s™'. So, at the same mass concen-
tration, it is more likely for small particles to experience
the non-self-diffusion motions.

For both species of particles, the upward trends of
hydrodynamic diameter, which associates to the decrement
of diffusion coefficient, reflect the presence of a strong
interaction between the particles as MNP concentration
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Figure 6 Particle concentration effects on the measurement of
hydrodynamic diameter by DLS.

increases. Furthermore, since the aggregation rate has a
second-order dependency on particle concentration [69],
the sample with high MNP concentration has higher ten-
dency to aggregate, leading to the formation of large par-
ticle clusters. Therefore, the initial efforts for MNP
characterization by using DLS should focus on the deter-
mination of the optimal working concentration.

Colloidal stability of MNPs

Another important use of DLS in the characterization of
MNPs is for monitoring the colloidal stability of the par-
ticles [70]. An iron oxide MNP coated with a thin layer
of gold with a total diameter of around 50 nm is further
subjected for surface functionalization by a variety of
macromolecules [65]. The colloidal stability of the MNP
coated with all these macromolecules suspended in 154
mM ionic strength phosphate buffer solution (PBS)
(physiologically relevant environment for biomedical ap-
plication) is monitored by DLS over the course of 5 days
(Figure 7). The uncoated MNP flocculated immediately
after their introduction to PBS and is verified with the
detection of micron-sized objects by DLS.

As shown in Figure 7, both polyethylene glycol (PEG)
6k and PEG 10k are capable of tentatively stabilizing the
MNPs in PBS for the first 24 and 48 h. Aggregation is
observed with the detection of particle clusters with a
diameter of more than 500 nm. After this period of rela-
tive stability, aggregation accelerated to produce micron-
sized aggregates by day 3. Actually, the continuous
monitoring of MNP size by DLS after this point is less
meaningful as the dominating motion is the sedimenta-

tion of large aggregates [71]. For PEG 6k and PEG 10k °
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that have a rather low degree of polymerization, the loss
of stability over a day or two could have been due to
slow PEG desorption that would not be expected of lar-
ger polymers. Nevertheless, PEG 100k-coated MNPs
were not as well stabilized as the PEG 6k- or PEG 10k-
coated ones, despite the higher degree of polymerization
that one might expect to produce greater adsorbed layer
thicknesses and therefore longer-ranged steric forces. In
addition to the degree of polymerization, as discussed by
Golas and coworkers [72], the colloidal stability of poly-
meric stabilized MNPs is also dependent on other struc-
tural differences of the polymer employed, such as the
chain architecture and the identity of the charged func-
tional unit. In their work, DLS was used to confirm the
nanoparticle suspensions that displayed the least sedi-
mentation which was indeed stable against aggregation.

In addition to the popular use of DLS in sizing individ-
ual MNPs, this analytical technique is also being
employed to monitor the aggregation behavior of MNPs
and the size of final clusters formed [55,73]. The study
of particle aggregates is important since the magnetic
collection is a cooperative phenomenon [74,75]. Subse-
quently, it is much easier to harvest submicron-sized
MNP clusters than individual particles. Hence, a mag-
netic nanocluster with loss-packed structure and uni-
form size and shape has huge potential for various
engineering applications in which the real-time separ-
ation is the key requirement [76). Therefore, the use of
DLS to monitor the aggregation kinetic of MNPs is im-
portant to provide direct feedback about the time scale
associated with this process [55,77]. Figure 8 illustrates
the aggregation behavior of three species of 40-nm react-
ive nanoscale iron particles (RNIP), 27.5-nm magnetite
(Fe304) MNP, and 40-nm hematite (a-Fe,O3) MNP [73].
Phenrat and coworkers have demonstrated that DLS can
be an effective tool to probe the aggregation behavior of
MNPs (Figure 8a). The time evolution of the hydro-
dynamic radius of these particles from monomodal to bi-
modal distribution revealed the aggregation kinetic of the
particles. Together with the in situ optical microscopy ob-
servation, the mechanism of aggregation is proposed as
the transitions from rapidly moving individual MNPs to
the formation of submicron clusters that lead to chain for-
mation and gelation (Figure 8b). By the combination of
small-angle neutron scattering and cryo-TEM measure-
ments, DLS can also be used as an effective tool to under-
stand the fractal structure of this aggregate [78].

DLS measurement of non-spherical MNPs

Even though, under most circumstances, a more special-
ized analytical technique known as depolarized dynamic
light scattering is needed to investigate the structural
contribution of anisotropic materials [79], it is still pos-
sible to extract useful information for rod-like MNPs by
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indicating that all the building blocks are self-assembled
into the large aggregates within the experiment time
frame agrees well with the SEM observation (Figure 10a).
This kinetic data time scale is involved in the full assem-
bly of anisotropic nanomaterials from single building
blocks to 2-D arrays and, eventually, 3-D micron-sized
assemblies.

Conclusion

Dynamic light scattering is employed to monitor the
hydrodynamic size and colloidal stability of the magnetic
nanoparticles with either spherical or anisotropic struc-
tures. This analytical method cannot be employed solely
to give feedbacks on the structural information; however,
by combining with other electron microscopy tech-
niques, DLS provides statistical representative data about
the hydrodynamic size of nanomaterials. In situ, real-
time monitoring of MNP suspension by DLS provides
useful information regarding the kinetics of the aggrega-
tion process and, at the same time, gives quantitative
measurement on the size of the particle clusters formed.
In addition, DLS can be a powerful technique to probe
the layer thickness of the macromolecules adsorbed onto
the MNP. However, the interpretation of DLS data in-
volves the interplay of a few parameters, such as the size,
concentration, shape, polydispersity, and surface proper-
ties of the MNPs involved; hence, careful analysis is
needed to extract the right information.
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conventional DLS measurement [80,81]. For rod-like
particles, the decay rate in Equation 6 can be defined as
I =g*Dr +6Dp (14)
where in a plot of I vs ¢, the value of rotational diffu-
sion Dy can be obtained directly by an extrapolation of ¢
to zero and the value of translational diffusion Dy from
the slope of the curve [79]. For rigid non-interacting rods
at infinite dilution with an aspect ratio (L/d) greater than
5, Dr and Dt can be expressed using Broersma’s relations
[82,83] or the stick hydrodynamic theory [84]. By
performing angle-dependent DLS analysis on rod-like B-
FeOOH nanorods as shown in Figure 9a, we found that
the decay rate is linearly proportional to ¢° and passes
through the origin (Figure 9b), suggesting that the
nanorod motion is dominated by translational diffusion
[85]. From Figure 9b, the slope of the graph yields the
translational diffusion coefficient, Dy = 7 x 1072 m?/s.
This value of Dy corresponds to an equivalent spherical
hydrodynamic diameter of 62.33 nm, suggesting that the

DLS results with a single fixed angle of 173° overestimated
the true diameter [86]. By taking the length and width of
the nanorods as 119.7 and 17.5 nm (approximated from
TEM images in Figure 9a), the Dt calculated by the stick
hydrodynamic theory and Broersma’s relationship is 7.09
x 1072 m%/s and 6.84 x 107** m?%/s, respectively, consist-
ent with the DLS results.

Since the B-FeOOH nanorods are self-assembled in a
side-by-side fashion to form highly oriented 2-D
nanorod arrays and the 2-D nanorod arrays are further
stacked in a face-to-face fashion to form the final 3-D
layered architectures, DLS can serve as an effective tool
to monitor these transient behaviors [87]. Figure 10a de-
picts the structural changes of self-assembled nanorods
over a time course of 7 h. To monitor the in situ real-
time behavior of this self-assembly process, DLS was
employed to provide the size distribution of the
intermediate products that formed in the solution
(Figure 10b). The temporal evolution of the detected size
from 60 to 70 nm, to dual peaks, to eventually only a
single distribution with a peak value of 700 nm

Number (100%)
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10000 th

Figure 10 SEM images of the morphological evolution in the time-dependent experiments. (a) 1 h, (b) 3 b, () 5 h, and (d) 7 h. (e) Size
distribution of the products obtained in the time-dependent experiments was monitored by DLS with the number averaged. Copyright 2010
L Armerican Chemical Society. Reprinted with permission from [87].
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