
7th International Conference
on the

Scientific and Clinical
Applications of
Magnetic Carriers

University of British Columbia
Vancouver, Canada
May 20 - 24, 2008

Conference Program and Abstract Booklet

http://www.magneticmicrosphere.com/



1

Welcome Message

Table Of Contents
Welcome Message ....................................................................................................................................................................1
Free Wireless Internet Service  ..............................................................................................................................................2
Sponsors ......................................................................................................................................................................................3
The City of Vancouver .............................................................................................................................................................4
Vancouver Tourism ...................................................................................................................................................................5
UBC Map ....................................................................................................................................................................................7
UBC Map Directory .................................................................................................................................................................8
Conference Location - Student Union Building (SUB) Map ..........................................................................................9
Vancouver Travel Information  ..............................................................................................................................................9
Social Program ..........................................................................................................................................................................10
Conference Proceedings ..........................................................................................................................................................10
Tuesday, May 20, 2008 ............................................................................................................................................................12
Talk Abstracts - Wednesday, May 21, 2008 ........................................................................................................................13
Talk Abstracts - Thursday, May 22, 2008 ............................................................................................................................25
Talk Abstracts - Friday, May 23, 2008 .................................................................................................................................37
Talk Abstracts - Saturday, May 24, 2008 .............................................................................................................................53
Poster Abstracts .........................................................................................................................................................................65
Our Sponsors and Exhibitors ..................................................................................................................................................187

It is my great pleasure to welcome you all to another, and already 7th International Conference on the Scientific 
and Clinical Applications of  Magnetic Carriers. Since 1996, we have met in Rostock, Cleveland, Tallahassee, Lyon, 
Krems, and now Vancouver. We are excited to continue presenting new and interesting research in the small but 
wonderful world of  magnetic particles. One of  our primary aims is to promote collaborations so that our research 
area will continue to flourish.

As in the past, we wish to cultivate a familiar atmosphere not only during the talks, but also during breaks, lunches, 
the boat trip, and the yellow school bus tour. The beautiful campus of  the University of  British Columbia in the 
wonderful city of  Vancouver provides us with the perfect surroundings in which to interact, learn and grow!

If  you have any questions about anything, please don’t hesitate to ask any of  our volunteers at the registration desk. 
They are here to help.

I wish you all a wonderful conference and a great time.

Urs Hafeli, Chairman
Faculty of  Pharmaceutical Sciences
University of  British Columbia
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We have arranged for free wireless internet access during the 7th International Conference on the Scientific and 
Clinical Applications of  Magnetic Carriers. By using this access, you are agreeing to the rules outlined in the privacy 
statement below.

Access to Free Internet Service
To get access to free internet access, either use the available computers in the SUB main floor or your own wireless-
able laptop. On your own laptop, choose from the available networks or SSID “ubc”. Open your internet browser 
and enter the following username and password.

      Username: magmeet
      Password: magnetic1 

Privacy Statement 
The meeting organizer has sponsored you for a Campus-wide Login (CWL) guest account during the conference 
week. It is important that you read, understand and agree to the terms of  this service before using your CWL guest 
account. 

The University of  British Columbia’s Campus-wide Login (CWL) supports the protection of  privacy and the free-
dom of  information throughout the campus in accordance with: 

-UBC Policy #118, Records Management 
(http://www.universitycounsel.ubc.ca/policies/policies.html) 

-UBC Policy #106, Access to and Security of  Administrative Information Systems 
(http://www.universitycounsel.ubc.ca/policies/policies.html) 

All applicable Canadian federal, provincial and local laws and statutes, including the Freedom of  Information and 
Protection of  Privacy Act R.S.B.C. 1996 c. 165, sections 26(a) and 26(c). 

For further information on Freedom of  Information at UBC, please contact the Freedom of  Information (FOI) 
Coordinator. (http://www.universitycounsel.ubc.ca/contact/) 

In using your CWL login, the user bears the primary responsibility for the material that he or she chooses to access, 
send or display. Always completely close all web browser windows when you finish using a web-based service. 

The computer facilities may not be used in any manner that contravenes the above policies, laws or statutes. Those 
who do not adhere to these guidelines may be subject to the suspension of  computing privileges in addition to any 
other applicable penalties or discipline. 

For more detailed information, please refer to the Campus-Wide Login Caveats and Limitations document (http://
www.it.ubc.ca/cwl/support/policies/caveats.shtml). It has further details on information collected, personal infor-
mation you choose to share, legal restrictions, exceptions and the CWL security measures.

Free Wireless Internet Service 
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Faculty of Pharmaceutical Sciences

Sponsors
We thank our sponsors for their support of  this conference.  Without their generous contributions this meeting 
would not be possible.

Cleveland Clinic

Ocean Nanotech
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Vancouver is situated along the beautiful coastline of  the 
Pacific Ocean in the southwest corner of  Canada. With a 
metropolitan population of  over two million, Vancouver is 
the largest city in British Columbia and the third largest in 
Canada. People have immigrated to the city from many coun-
tries making Vancouver a wonderful mixing pot of  different 
ethnic backgrounds.

Not only does Vancouver have a bustling city district but also 
vast wilderness and mountains outside city limits. Warm and 
wet weather coming from the Pacific Ocean create a lush 
habitat capable of  supporting the area’s temperate rainfor-
ests. This landscape leads to many outdoor activities that a 
great number of  residents and visitors embark upon. Hiking, 
mountain biking and skiing are a few of  the many options 
available just across the Burrard Inlet that separates Downtown Vancouver from the mountains that lie beyond.

Vancouver was chosen to host the 2010 Olympic games for its 
beauty, accessibility and range of  activities available both in the city 
and the surroundings. Events will take place at venues in Vancouver 
as well as the popular Whistler Ski Resort to the north. This event is 
sure to make Vancouver a city known worldwide for its spectacular 
outdoor activities and progressive urban lifestyle.

The Vancouver based, University of  British Columbia is situated on 
the west tip of  the Point Grey Peninsula, approximately 30 minutes 
from downtown. Before entering campus you will pass through 
Pacific Spirit Park filled with walking and biking trails that offer a 
great look at the local habitat. Once on campus you will be presented 

with an array of  state of  the art buildings conducted teaching and research in areas of  biotechnology, agriculture, 
commerce and more. The campus is used by over forty thousand students and more than seven thousand faculty 
members making it quite a busy place on the average afternoon. The campus has made a pledge to become a world 
model for sustainable practices and has a number of  buildings that have been awarded for their green building ac-
complishments.

For more information http://www.city.vancouver.bc.ca/

The City of Vancouver
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Stanley Park is a popular tourist attraction with its 400 hectares (1,000 
acres) of  forested and grassy areas directly west of  downtown Van-
couver. The park is filled with trails for biking and hiking, including 
one that follows the perimeter of  the park with stunning views of  the 
North Shore and the Burrard Inlet. Rental bikes are available for af-
fordable rates on the west end of  downtown Vancouver. In addition, 
the Vancouver Aquarium is located in Stanley Park where you can get 
a look at Vancouver’s native sea life.
http://www.city.vancouver.bc.ca/Parks/parks/stanley/

Vancouver Tourism

Big Bus Tours has kindly offered a discount rate of  20% off. All you 
have to do is enter the word “hafeli” (without quotes) into the cou-
pon code box in the checkout area of
their website, and the discount will be applied. This is a great way to 
see the city if  you want to cover a lot of  ground.
http://www.bigbus.ca/

Wild Whales Vancouver has graciously offered a 20% discount to all 
conference attendees that wish to go on a whale and wildlife watch-
ing boat ride during or shortly after the conference. Just mention our 
conference and you will receive the discount.  Wild Whales Vancou-
ver has adviced participants reserve a tour prior to the conference to 
be sure a spot is available.
http://www.whalesvancouver.ca/
Phone: 604-699-2011

The Museum of  Anthropology offers a fantastic look into the history 
of  past and present human societies. The building is filled with large 
totem poles and carved building posts from many of  the First Na-
tions artists of  British Columbia. In addition, the Museum features 
an extensive system of  visible storage, allowing the public to view 
over 13,000 objects from around the world. The objects are arranged 
according to culture area, and information on each item is available in 
books nearby.
http://www.moa.ubc.ca/

World famous Whistler is a great area to spend some time after the 
conference. From the beautiful scenery to great skiing you will find 
Whistler has a little bit of  it all. Blackcomb ski resort is still open dur-
ing the conference dates if  you are an avid skier or snowboarder. Bike 
rentals and trails also allow visitors to explore the forest on wheels 
rather than on foot. It is a 2-3 hour drive to Whistler from Vancouver 
so plan accordingly!
http://www.whistler.com/
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Kayaking in Indian Arm provides a day of  great scenery and a good 
time. Rental kayaks are available in the city of  Deep Cove and can be 
rented hourly or daily. There are camping locations at the waters edge 
only accessible by boat as well as many islands to explore.
http://www.deepcovekayak.com/

Granville Island is a small shopping districted located below the 
Granville St. Bridge. Once an industrial area, this island has been 
turned into a public market populated with craft shops and local 
farmers selling their current crops. Granville Island Brewing Co. 
(though mostly brewed in Kelowna, BC) also has a small facility on 
the island where tours and tastings are held. The island provides a 
great afternoon of  food and shopping for visitors and locals alike!
http://www.granvilleisland.com/

The UBC Botanical Gardens encompasses approximately 44 hectares 
of  UBC’s campus. Over 8000 different plant species can be viewed in 
a number of  locations around campus that reflect different areas of  
the world including alpine, asian and native gardens. Whether you are 
looking for a short stroll through a beautiful garden or a full after-
noon exploring the different plants that populate the world, the UBC 
Botanical Gardens are a great experience for people of  all ages.
http://www.ubcbotanicalgarden.org/

Grouse Mountain provides an excellent viewpoint of  Vancouver and 
the surrounding ocean. Take the skyride lift to the top of  the moun-
tain to be treated with the spectacular view. There are also plenty of  
hiking trails and the famous Grouse Grind, a 2.9 km hike straight up 
the face of  the mountain.
http://www.grousemountain.com/

The Capilano Suspension Bridge is Vancouver’s oldest tourist attrac-
tion with its 137 m bridge suspended 70 m above the Capilano River. 
Visitors can also explore the treetops through a series of  structure 
built 30 m above the forest floor. First Nations carving demonstrations 
and musical entertainment occur daily at the First Nations Cultural 
Centre.
http://www.capbridge.com/
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UBC Map Directory
Site or Building Name & Address              Grid
Acadia/Fairview Common Block, 2707 Tennis Cres ................................. G7
Acadia House, 2700-2720 Acadia Rd ...................................................... G7
Acadia Park Residence ....................................................................... F/H-6/7
Acadia Park Highrise, 2725 Melfa Rd ....................................................... G7
Acadia Park Preschool, 2750 Acadia Park Lane ...................................... H7
Animal Care Centre, 6199 S. Campus Rd ........................... South Campus
Animal Science S. Campus Bldgs, 3473 Wesbrook Mall ..... South Campus
Anthropology & Sociology Bldg, 6303 NW Marine Dr .............................. A3
Aquatic Centre, 6121 University Blvd ........................................................ D5
Aquatic Ecosystems Research Lab (AERL), 2202 Main Mall ................... E3
Arts One Bldg, 6358 University Blvd .......................................................... D3
Asian Centre, 1871 West Mall .................................................................... .B2
Audiology & Speech Sciences Classroom Trailer, 5830 Fairview Ave .... F6
Auditorium, 6344 Memorial Rd ................................................................... C3
Auditorium Annex Offices, 1924 West Mall ............................................... C3
Barn Coffee Shop, 2323 Main Mall ........................................................... E3
B.C. Research Inc., 3650 Wesbrook Mall ............................. South Campus
B.C. Binning Studios (formerly Hut M-17), 6373 University Blvd ............. D3
Beaty Biodiversity Research Ctr, 2212 Main Mall (under construction) E3/4
Belkin (Morris & Helen) Art Gallery, 1825 Main Mall ................................... B3
Berwick Memorial Centre, 2765 Osoyoos Cres ........................................ G6
Biological Sciences Bldg [Science Faculty office], 6270 University Blvd . D3
Biomedical Research Ctr, 2222 Health Sciences Mall .............................. E4
Biotechnology Laboratory, 2125 East Mall ............................................... D4
Bollert (Mary) Hall, 6253 NW Marine Dr ...................................................... A4
Bookstore, 6200 University Blvd ................................................................ D4
Botanical Garden Centre/Gatehouse, 6804 SW Marine Dr ................... H1
Botanical Garden Pavilion (enter at Gatehouse, 6804 SW Marine Dr) ...... J2
Botan. Gard. Greenhses/ Workshops, 6088 S. Campus Rd ....... South Campus
Botany Annex, 6386 University Blvd .......................................................... D3
Botany Greenhouses & Trailer, 6182 S. Campus Rd ......... South Campus
Brimacombe Building, 2355 East Mall ......................................................... F4
Brock Hall and Brock Hall Annex, 1874 East Mall .................................... C4
Buchanan Building (Blocks A, B, C, D, & E) [Arts], 1866 Main Mall ...... B3/4
Buchanan Tower, 1873 East Mall .............................................................. C4
C.K. Choi Building for the Institute of Asian Research, 1855 West Mall .... B2
Campus & Community Planning, 2210 West Mall ..................................... E3
Campus Security, 2133 East Mall .............................................................. D4
Carey Hall, 1815 Wesbrook Mall ................................................................. B6
Carey Centre, 5920 Iona Drive .................................................................. B6
Cecil Green Park Coach House, 6323 Cecil Green Park Rd ................. .A3
Cecil Green Park House, 6251 Cecil Green Park Rd ................................. A3
CEME — see Civil & Mechanical Engineering Building
Centre for Women’s & Gender Studies, 1896 East Mall ............................. C4
Chan Centre for the Performing Arts, 6265 Crescent Rd ....................... B4
Chancellor Place ........................................................................................... B5
Chemical & Biological Engineering Bldg, 2360 East Mall .......................... F4
Chemistry Building, 2036 Main Mall ........................................................... D3
Chemistry Physics Building, 6221 University Blvd ..................................... D4
Child Care Services Admin. Bldg, 2881 Acadia Rd ................................. H7
Child Care Services Bldgs, 5580-5690 Osoyoos Cresc .......................... H7
Civil & Mechanical Engineering Bldg (CEME), 6250 Applied Science Lane . E4
Civil & Mechanical Eng. Labs, 2275 East Mall ........................................... E4
Coal & Mineral Processing Lab, 2332 West Mall ....................................... E3
Continuing Studies Bldg [English Language Institute], 2121 West Mall .... D2
Copp (D.H.) Building, 2146 Health Sciences Mall .................................. .D5
Cunningham (George) Building [Pharmaceutical Sc.], 2146 East Mall ... E4
Curtis (George F.) Building [Law], 1822 East Mall .................................... B4
David Lam Learning Centre, 6326 Agricultural Rd ................................. C3
David Lam Management Research Ctr, 2033 Main Mall ........................ C3
Donald Rix Building, 2389 Health Sciences Mall ....................................... F4
Dorothy Somerset Studios (formerly Hut M-18), 6361 University Blvd ... D3
Earth & Ocean Sciences (EOS) - East, 2219 Main Mall ............................ E3
Earth & Ocean Sciences (EOS) - Main and South, 6339 Stores Rd ...... E3
Earthquake Engineering Research Facility (EERF), 2235 East Mall ....... E4
Engineering Annex, 6298 Biological Sciences Rd .................................... E3
Engineering High Head Room Lab, 2225 East Mall ................................ E4
Environmental Services Facility, 6025 Nurseries Rd ............ South Campus
Faculty of Law Annexes 1 and 2, 6050 and 6020 Walter Gage Rd ...... B4/5
Fairview Crescent Student Housing, 2600-2804 Fairview Cres ............. F6
FERIC (Forest Eng. Res. Institute), 2601 East Mall ................................ H4
Fire Department, 2992 Wesbrook Mall ..................................................... H6
First Nations Longhouse, 1985 West Mall ............................................... C2
Flag Pole Plaza (Main Mall & Crescent Rd) ................................................ B3
Food, Nutrition and Health Bldg, 2205 East Mall .................................... E4
Forest Sciences Centre [Faculty of Forestry], 2424 Main Mall ................ F4
Forest Sciences Greenhouse, 6186 S. Campus Rd ........... South Campus
Forestry Field House, 6186 S. Campus Rd ......................... South Campus
Forintek Western Research Facility, 2665 East Mall ................................ H4
Forward (Frank) Building, 6350 Stores Rd ................................................ E3
Fraser Hall, 2550 Wesbrook Mall ............................................................... G6
Fraternity Village, 2880 Wesbrook Mall ..................................................... H6
Frederic Wood Theatre, 6354 Crescent Rd ............................................. B3
Friedman Bldg, 2177 Wesbrook Mall .......................................................... E5
Gage Residence, 5959 Student Union Blvd ............................................ C5
General Services Administration Bldg (GSAB), 2075 Wesbrook Mall ...... D5
Geography Building, 1984 West Mall ........................................................ C3
Gerald McGavin Building, 2386 East Mall .................................................. F4
Graduate Student Centre (Thea Koerner House), 6371 Crescent Rd B3
Green College, 6201 Cecil Green Park Rd .............................................. A4
Hampton Place ...................................................................................... H/J-6/7
Hawthorn Place ........................................................................................ G/H3
Hebb Building, 2045 East Mall ................................................................... D4
Hennings Building, 6224 Agricultural Rd .................................................. C4
Henry Angus Building [Sauder School of Business], 2053 Main Mall .... D3

Hillel House, 6145 Student Union Blvd ..................................................... C4
Horticulture Building/Greenhouse, 6394 Stores Rd .............................. E2/3
Hugh Dempster Pavilion, 6245 Agronomy Rd .......................................... F4
Hut M-21 & Hut M-22, 2109 West Mall ..................................................... D2
Hut O-4, 6365 Biological Sciences Rd ....................................................... E3
ICICS/CS (Institute for Computing, Information & Cognitive Systems/
     Computer Science - formerly CICSR/CS), 2366 Main Mall ................ F4
Instructional Resources Centre (IRC), 2194 Health Sciences Mall ........ E5
International House, 1783 West Mall ........................................................ B2
Irving K. Barber Learning Ctr (former Main Library) ................................. C4
Jack Bell Building for the School of Social Work, 2080 West Mall .......... D3
John Owen Pavilion & Allan McGavin Sports Medicine Centre,

3055 Wesbrook Mall ............................................................................. H5
Kaiser (Fred) Building [Faculty of Applied Science], 2332 Main Mall ...... E3
Kenny (Douglas T) Building, 2136 West Mall ........................................... D3
Kids Club, 2855 Acadia Rd ........................................................................ G7
Klinck (Leonard S.) Bldg, 6356 Agricultural Rd ........................................ C3
Koerner (Walter C.) Library, 1958 Main Mall ............................................ C3
Korea House (in Place Vanier), 1935 Lower Mall .................................... C1
Ladha Science Student Ctr, 2055 East Mall ........................................... D4
Landscape Architecture Annex, 2371 Main Mall ....................................... F3
Lasserre (Frederic) Building, 6333 Memorial Rd ...................................... C3
Leon and Thea Koerner University Centre, 6331 Crescent Rd ............ B3
Library Processing Centre, 2206 East Mall ................................................ E4
Life Sciences Centre, 2350 Health Sciences Mall .................................... F5
Liu Institute for Global Issues, 6476 NW Marine Dr ................................. B2
Lower Mall Header House, 2269 Lower Mall ........................................... E2
Lower Mall Research Station, 2259 Lower Mall ....................................... E2
Macdonald (J.B.) Building [Dentistry], 2199 Wesbrook Mall .................... E5
MacLeod (Hector) Building, 2356 Main Mall .............................................. F3
MacMillan (H.R.) Bldg [Faculty of Land & Food Systems], 2357 Main Mall .. F3
Main Library (new Irving K. Barber Learning Ctr), 1956 Main Mall ........ C4
Marine Drive Residence (student housing), 2205 Lower Mall ............... D2
Mathematics Annex, 1986 Mathematics Rd ............................................. C3
Mathematics Building, 1984 Mathematics Rd ........................................... C3
Mather (James) Building, 5804 Fairview Ave ............................................ G6
Medical Sciences Block C, 2176 Health Sc. Mall ....................................... E4
M.F.A. Studios (formerly B.C. Binning MFA Studios), 6363 Stores Rd .... E3
Michael Smith Laboratories, 2185 East Mall ............................................. D4
Museum of Anthropology, 6393 NW Marine Dr ..................................... A2/3
Music Building, 6361 Memorial Rd .......................................................... B/C3
Networks of Ctrs of Excellence (NCE), 2125 East Mall ........................... D4
99 Chairs/Trek Express, 2015 Main Mall ................................................... C3
Nitobe Memorial Garden, 1903 West Mall ............................................. B/C2
Norman MacKenzie House, 6565 NW Marine Dr ..................................... B2
NRC Institute for Fuel Cell Innovation, 4250 Wesbrook Mall . South Campus
Ocean Engineering Centre, 3760 Wesbrook Mall .............. South Campus
Old Administration Building, 6328 Memorial Rd ........................................ C3
Old Barn Community Centre, 6308 Thunderbird Blvd ............................ G3
Old Firehall, 2038 West Mall ....................................................................... D3
Orchard House (formerly Header House), 2336 West Mall ..................... E2
Osborne (Robert F.) Centre/Gym, 6108 Thunderbird Blvd .................... G4
Panhellenic House, 2770 Wesbrook Mall ................................................. G6

PAPRICAN Building, 3800 Wesbrook Mall ............................ South Campus
Place Vanier Residence, 1935 Lower Mall ............................................ C/D2
Plant Ops Nursery/Greenhouses,  6116/6136 Nurseries Rd . South Campus
Plant Science Field Building, 6182 S. Campus Rd .............. South Campus
Plant Science Field Station & Garage, 2613 West Mall ........................... H2
Plant Operations Annex F (Waste Mgmt), 6381 Stores Rd .................. E2/3
Point Grey Apartments, 2875 Osoyoos Cresc .......................................... H6
Police (RCMP) & Fire Department, 2990/2992 Wesbrook Mall .............. H6
Ponderosa Centre, 2071 West Mall .......................................................... D2
Ponderosa Office Annexes: A, B, & C, 2011-2029 West Mall ............ C/D2
Ponderosa Office Annexes: E to H, 2008-2074 Lower Mall ............... C/D2
Power House, 2040 West Mall ................................................................... D3
Pulp and Paper Centre, 2385 East Mall .................................................... F4
Ritsumeikan-UBC House, 6460 Agronomy Rd ......................................... F2
Rodney Graham Millennium Pavilion .......................................................... C3
Rose Garden ................................................................................................ B3
Rugby Pavilion, 2584 East Mall .................................................................. G4
Scarfe (Neville) Building [Education], 2125 Main Mall ............................. D3
Sing Tao Building, 6388 Crescent Rd ........................................................ B3
Sopron House, 2730 Acadia Rd ............................................................... G7
South Campus Warehouse, 6116 Nurseries Rd ................. South Campus
Spirit Park Apartments, 2705-2725 Osoyoos Cresc ................................ G8
St. Andrew’s Hall/Residence, 6040 Iona Dr ............................................. B5
St. John’s College, 2111 Lower Mall ......................................................... D2
St. Mark’s College, 5935 Iona Dr. .............................................................. B6
Stores Road Annex, 6368 Stores Rd ........................................................ E3
Student Recreation Ctr, 6000 Student Union Blvd ................................ C5
Student Union Bldg (SUB), 6138 Student Union Blvd ............................ C4
Tec de Monterrey (in Place Vanier), 1935 Lower Mall ............................ C1
Technology Enterprise Facility 3 (TEF3), 6190 Agronomy Rd ................. F4
Thea Koerner House [Graduate Studies], 6371 Crescent Rd ............... B3
Thunderbird Residence, 6335 Thunderbird Cresc ............................... F3/4
Thunderbird Stadium, 6288 Stadium Rd .................................................... J3
Thunderbird Winter Sports Ctr, 6066 Thunderbird Blvd ......................... G5
Totem Field Studios, 2613 West Mall ......................................................... H2
Totem Park Residence, 2525 West Mall ................................................. F/G2
TRIUMF, 4004 Wesbrook Mall ................................................ South Campus
Triumf House (TRIUMF Visitor’s Residence), 5835 Thunderbird Blvd ... G6
UBC Hospital, 2211 Wesbrook Mall ........................................................... E5
UBC Tennis Centre, 6160 Thunderbird Blvd ........................................... G4
UBC Thunderbird Arena, 2555 Wesbrook Mall ....................................... G5
University Centre (Leon & Thea Koerner), 6331 Crescent Rd .............. B3
University Services Building (USB), 2329 West Mall .................................. E2
Vancouver School of Theology, 6000 Iona Drive .................................... B5
Walter H. Gage Residence, 5959 Student Union Blvd ......................... C5
War Memorial Gymnasium, 6081 University Blvd ...................................... D5
Wesbrook Bldg, 6174 University Blvd ........................................................ D4
Wesbrook Place neighbourhood (under construction) ....... South Campus
West Mall Annex, 1933 West Mall .............................................................. C2
West Mall Swing Space Bldg, 2175 West Mall .......................................... D2
Wood Products Laboratory, 2324 West Mall ............................................ E3
Woodward Biomedical Library, 2198 Health Sciences Mall .................. E4/5

Site or Building Name & Address              Grid Site or Building Name & Address              Grid
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Vancouver Travel Information 
Public Transportation
Vancouver features a great bus system provided by Translink.  You can plan your 
route and find out the bus schedule at http://www.translink.bc.ca/ or http://
www.google.ca/transit/.

Cab Services
Black Top & Checker Cabs (604) 681-2181
Maclure’s Cabs (604) 683-6666
Yellow Cab (604) 681-1111 

All talks are in the Auditorium on the Main floor of  the SUB, and all the poster sessions, exhibits, coffee breaks and 
lunches are upstairs in the inner court and ball room.
Main Floor Lower Floor

Upper Floor

Conference Location - Student Union Building (SUB) Map
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Social Program
And as always, we will not let science prevent us from having fun together and learning about and enjoying Vancou-
ver to the fullest.

May 20
A welcome reception sponsored by Stem Cell Technologies will be held upstairs in the 
Student Union Building (SUB). It is open to all participants of  the conference and will start 
on Tuesday at 19:00 (7 PM) and go until about 22:00 (10 PM). We will have a jazz duo play 
(Daniel and Conrad), with a flutist as a guest (Shona). Conference registration will be avail-
able beginning at 18:30 (6:30 PM).

In addition, participants will have the opportunity to walk to the Museum of  Anthropology 
(200 m away) and enjoy the exhibit. The museum is world renowned for its collection of  

totem poles from British Columbia and more recent art of  societies from around the globe. The exhibit is open on 
Tuesday evenings from 5 - 9 PM for a reduced rate of  $5. It is well worth the visit.

May 21
After the talks, the poster session will begin around 18:10 (6:10 PM) upstairs in the SUB. Beer and pretzels have 
been graciously sponsored by Diagnostic Biosensors. The rest of  the evening is free. Go out and explore Van-
couver - you might especially like to try out the closest restaurants on West 10th Ave or Broadway, just a couple of  
minutes away by bus.

May 22
Starting at 9:00 (9 AM), we will have a full day complimentary tour for spouses. It will 
include the visit of  some parts of  the city as well as of  the scenic surroundings of  Van-
couver. Please tell us on the previous day if  your spouse would like to take part in this old 
tradition at our meetings!

After the talks, the poster session will begin around 17:00 (5:00 PM) upstairs in the SUB. 
Beer and pretzels have been graciously sponsored by Magnisense.

After the poster session, we will be picked up by bus punctually at 18:30 (6:30 PM) in 
front of  the Gage Towers. We will board the M.V. Brittania for our traditional dinner 
cruise at the North foot of  Denman Street downtown. We will be back at UBC around 
23:00 (11 PM).

May 23
On this evening, we will take a tour of  the city and Stanley Park in yellow school buses. We will end up on  the 
beautiful English Bay beach, on the South bottom of  Denman Street, a great area for food and night life. And not 
too far for a stroll on Davie, Denman and Robson to other parts of  downtown.

May 24
The meeting will end at 4 PM. Please take the opportunity to explore beautiful British Columbia on your own! You 
might also be interested in a whale watching tour, exploring the wilderness surrounding the city or visiting one of  
the many museums in Vancouver.

Conference Proceedings
The proceedings of  the Symposium will be published as full papers in the well indexed “Journal 
of  Magnetism and Magnetic Materials”. The cost of  the proceedings (incl. mailing) is included in 
the registration fee. As in previous years, reviewing and publishing of  the JMMM issue will take 
some time. We expect that each conference participant will receive the special JMMM issue in the 
first quarter of  2009.
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Talk and Poster Abstracts
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rt 
a 

pr
ep

ar
at

io
n 

m
et

ho
d 

th
at

 c
an

 tu
ne

 th
e 

cr
ys

ta
l s

tru
ct

ur
e 

an
d 

m
ag

ne
tic

 p
ro

pe
rti

es
 o

f n
an

op
ar

tic
le

s 
an

d 
at

 th
e 

sa
m

e 
tim

e 
pr

ov
id

e 
m

at
er

ia
ls

 w
ith

ou
t s

ur
fa

ce
 a

ds
or

ba
te

s 
[1

]. 
In

 th
is

 m
et

ho
d 

ga
s 

ph
as

e 
ag

gr
eg

at
io

n 
is

 
us

ed
 to

 g
en

er
at

e 
na

no
pa

rti
cl

es
. C

ry
st

al
 s

tru
ct

ur
e 

co
nt

ro
l i

s 
ac

hi
ev

ed
 b

y 
di

re
ct

ly
 m

an
ip

ul
at

in
g 

th
e 

en
er

gy
 c

ar
rie

d 
by

 n
uc

le
at

in
g 

at
om

s 
an

d 
gr

ow
in

g 
sp

ec
ie

s 
us

in
g 

m
ag

ne
tro

n 
pl

as
m

a 
as

 t
he

 a
dj

us
ta

bl
e 

en
er

gy
 s

ou
rc

e.
 A

t 
th

re
e 

di
ff

er
en

t d
en

si
tie

s 
of

 p
la

sm
a,

 F
eP

t n
an

oc
ry

st
al

s 
w

ith
 th

re
e 

di
ff

er
en

t k
in

ds
 o

f c
ry

st
al

 s
tru

ct
ur

es
, A

1 
ic

os
ah

ed
ro

n,
 

A
1 

oc
ta

he
dr

on
 a

nd
 L

1 0
 o

ct
ah

ed
ro

n 
w

er
e 

pr
ep

ar
ed

, r
es

pe
ct

iv
el

y.
 H

ig
h-

re
so

lu
tio

n 
TE

M
 im

ag
es

 c
le

ar
ly

 s
ho

w
 th

e 
di

ff
er

en
t 

ar
ra

ng
em

en
ts

 o
f 

at
om

s 
an

d 
m

ag
ne

tic
 m

ea
su

re
m

en
ts

 r
ev

ea
l 

th
at

 t
he

y 
ha

ve
 v

er
y 

di
ff

er
en

t 
m

ag
ne

tic
 

pe
rf

or
m

an
ce

. T
he

se
 m

at
er

ia
ls

 c
an

 b
e 

us
ed

 a
s 

di
ff

er
en

t t
yp

es
 o

f 
na

no
sc

al
e 

m
ag

ne
ts

 h
av

in
g 

th
e 

sa
m

e 
ch

em
ic

al
 

co
m

po
si

tio
n.

 S
o 

fa
r, 

w
et

 m
et

ho
ds

 c
an

’t 
pr

od
uc

e 
th

es
e 

m
on

do
di

sp
er

se
d 

tin
y 

ha
rd

 m
ag

ne
tic

 n
an

op
ar

tic
le

s. 
Th

e 
te

ch
ni

qu
e 

re
po

rte
d 

he
re

 c
an

 b
e 

ea
sil

y 
ex

te
nd

ed
 t

o 
ot

he
r 

m
ag

ne
tic

 a
s 

w
el

l 
as

 m
ag

ne
tic

-r
el

at
ed

 n
an

oc
ry

st
al

s 
fa

br
ic

at
io

n 
th

us
 to

 p
ro

vi
de

 a
 g

en
er

al
 p

la
tfo

rm
 fo

r t
ec

hn
ol

og
ic

al
 a

nd
 fu

nd
am

en
ta

l s
tu

dy
 a

t t
he

 n
an

om
et

er
 sc

al
e 

[2
]. 

 

H
et

er
os

tru
ct

ur
ed

 n
an

op
ar

tic
le

s 
ar

e 
hi

gh
ly

 d
es

ira
bl

e 
in

 a
pp

lic
at

io
ns

 s
uc

h 
as

 m
ed

ic
al

 i
m

ag
in

g,
 d

ru
g 

de
liv

er
y,

 
th

er
m

al
 c

an
ce

r t
re

at
m

en
t a

nd
 e

tc
., 

w
hi

ch
 c

om
bi

ne
 d

iff
er

en
t p

ro
pe

rti
es

 o
f t

he
 in

di
vi

du
al

 c
om

po
ne

nt
 st

ru
ct

ur
e 

in
to
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e 
si

ng
le

 n
an

op
ar

tic
le

 a
nd

 h
av

e 
po

ss
ib

le
 e

nh
an

ce
m

en
t o

f e
ac

h 
pr

op
er

tie
s. 

D
iff

er
en

t f
ro

m
 th

e 
pr

ev
io

us
 tw

o-
st

ep
 

m
et

ho
d 

us
ed

 i
n 

bo
th

 t
he

 c
he

m
ic

al
 a

pp
ro

ac
h 

an
d 

ph
ys

ic
al

 v
ap

or
 d

ep
os

iti
on

 a
pp

ro
ac

h,
 a

 “
on

e-
st

ep
” 

m
et

ho
d 

is
 

de
ve

lo
pe

d 
to

 s
yn

th
es

iz
e 

he
te

ro
st

ru
ct

ur
ed

 n
an

op
ar

tic
le

s 
di

re
ct

 f
ro

m
 g

as
 p

ha
se

. I
t h

as
 b

ee
n 

de
m

on
st

ra
te

d 
th

at
 a

 
va

rie
ty

 o
f 

he
te

ro
st

ru
ct

ur
es

 c
an

 b
e 

pr
od

uc
ed

 b
y 

us
in

g 
th

e 
m

et
ho

d,
 in

cl
ud

in
g 

co
re

-s
he

ll,
 m

ul
ti-

co
re

-m
ul

ti-
sh

el
l, 

du
m

bb
el

l, 
an

d 
sp

he
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 w
ith

 n
od

ul
es

. R
es

ul
ts

 h
av

e 
be

en
 o

bt
ai

ne
d 

fr
om

 d
iff

er
en

t m
at

er
ia

ls
 s

ys
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m
s 

in
cl

ud
in

g 
C

o 
an

d 
A

u,
 F

e 
an

d 
A

g,
 F

eC
o 

an
d 

Si
, a

nd
 F

eC
o 

an
d 

A
u/

A
g/

C
u 

[3
-6

]. 
 

Su
pe

rp
ar

am
ag

ne
tic

 n
an

op
ar

tic
le

s 
ar

e 
lim

ite
d 

by
 s

iz
e,

 ty
pi

ca
lly

 ra
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in
g 

fr
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 s
ev

er
al

 n
m

 to
 2

0 
nm

. F
or

 m
os

t o
f 
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om

ed
ic

al
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pp
lic

at
io

ns
, 
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 d
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ira
bl

e 
to

 h
av

e 
la
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e 

su
pe

rp
ar

am
ag

ne
tic

 n
an

op
ar

tic
le

s. 
W

e 
pr

op
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ed
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nd
 

de
m

on
st

ra
te

d 
a 

ne
w

 g
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se
 s
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 m
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d 
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 m
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10
0 
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nt

 s
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ra
m
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an
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ar
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ry
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do
us
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 re
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e 
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 o
f m

ag
ne

tic
 n

an
op

ar
tic

le
s i
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rie
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f a
pp

lic
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 [7
]. 
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f 

M
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; 

M
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C
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in

ne
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ed
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al
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 M
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al
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ev
ic

e 
C

en
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C
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 A
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e 

N
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es
, U
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D
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 o

f M
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 u
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n 
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m
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m
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C
as

e 
W

es
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rn
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es
er

ve
 U

ni
ve

rs
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, C
en

te
r f

or
 G

lo
ba

l H
ea

lth
 a

nd
 D

is
ea

se
s, 

 
C

le
ve

la
nd

, O
H

  4
41

06
,  

U
.S

.A
. 

A
n 

im
po

rta
nt

 i
m

pe
di

m
en

t 
to

 e
ff

ec
tiv

e 
m

al
ar

ia
 t

re
at

m
en

t 
an

d 
co

nt
ro

l 
is

 t
he

 a
bs

en
ce

 o
f 

lo
w

-c
os

t 
di

ag
no

st
ic

 to
ol

s 
an

d 
st

ra
te

gi
es

 c
ap

ab
le

 o
f e

va
lu

at
in

g 
in

fe
ct

io
n 

st
at

us
 ra

pi
dl

y 
in

 ru
ra

l s
et

tin
gs

 w
he

re
 th

e 
m

aj
or

ity
 o

f m
al

ar
ia

 c
as

es
 a

re
 e

nc
ou

nt
er

ed
.  

A
s 

a 
re

su
lt,

 g
en

er
al

iz
ed

 tr
ea

tm
en

t o
f m

al
ar

ia
l a

nd
 b

ac
te

ria
l 

in
fe

ct
io

ns
 f

ol
lo

w
s 

sy
m

pt
om

s-
ba

se
d 

di
ag

no
si

s. 
 T

hi
s 

ap
pr

oa
ch

 i
s 

ce
rta

in
 t

o 
co

nt
rib

ut
e 

to
 s

el
ec

tio
n 

fa
vo

rin
g 

dr
ug

 r
es

is
ta

nt
 p

ar
as

ite
s 

an
d 

ba
ct

er
ia

.  
A

lth
ou

gh
 t

he
 c

on
ve

nt
io

na
l 

bl
oo

d 
sm

ea
r 

se
rv

es
 a

s 
th

e 
“g

ol
d 

st
an

da
rd

” 
to

ol
 f

or
 m

al
ar

ia
 d

ia
gn

os
is

, i
t i

s 
w

id
el

y 
ac

kn
ow

le
dg

ed
 th

at
 m

ol
ec

ul
ar

 to
ol

s 
ar

e 
fa

st
er

, 
su

ch
 a

s 
an

tig
en

-b
as

ed
 ra

pi
d 

di
ag

no
st

ic
 to

ol
s 

or
 p

ro
vi

de
 s

ig
ni

fic
an

tly
 g

re
at

er
 s

en
si

tiv
ity

 a
nd

 s
pe

ci
fic

ity
 

(P
C

R
). 

 H
ow

ev
er

, m
ol

ec
ul

ar
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ni
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 a
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 e
xp

en
si

ve
, d

o 
no

t a
ss

es
s P

la
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iu

m
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iv
ax
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. m
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ar

ia
e 

or
 

P.
 o

va
le

 w
ith

 s
pe

ci
fic
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 fa
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ip
ar
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, a
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 h

av
e 
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en
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er
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 b
e 
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 s
en

si
tiv

e 
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an
 th

e 
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oo
d 
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ea

r. 
 I

n 
an
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pt

 t
o 
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m
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m
e 
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le
m
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in
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d 
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m
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ha
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de
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m
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ne
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 c
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t d
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-
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 e
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s 
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 m
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op

y.
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hi
s 
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st

em
, m

al
ar
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 m
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 d

ep
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op
y 
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D

M
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ex
pl
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 th
e 
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ct

 th
at

 P
la
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m
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pe
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 p
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s 
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uc

e 
a 
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ta
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ne
 b
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t, 
he

m
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m
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m

e 
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 d
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g 
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m
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n 
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n.
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e 
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 s
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m
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re
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 e
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n 
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 c
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D
M

 c
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 o
f 

a 
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m
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ra
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iti
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nt

ra
te

 p
ar

as
ite

s 
of

 a
ll 

fo
ur

 h
um

an
 

m
al

ar
ia

 p
ar

as
ite

 s
pe

ci
es

 in
 th

e 
la

bo
ra

to
ry

, a
n 

ef
fic

ie
nt

 c
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 b
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re

at
m

en
t 

pr
oc

ed
ur

es
 w

ith
 th
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t c
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 c
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 c
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 d
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 t
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 b
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rr
ie

d 
ou

t 
ex

em
pl

ar
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 c
om

pa
re

d 
to

 
co

nv
en

tio
na

l 
liq

ui
d 

ph
as

e 
co

up
lin

g 
ch

em
is

tri
es

. 
It 

co
ul

d 
be

 s
ho

w
n 

th
at

 t
he

 s
ur

fa
ce

 
fu

nc
tio

na
liz

at
io

n 
of

 S
P

IO
N

s 
us

in
g 

a 
m

ag
ne

tic
 fi

xe
d 

be
d 

re
ac

to
r w

as
 s

up
er

io
r t

o 
th

e 
liq

ui
d 

ph
as

e 
re

ac
tio

n 
in

 te
rm

s 
of

 r
ea

ct
io

n 
yi

el
d,

 p
ar

tic
le

 s
iz

e 
di

st
rib

ut
io

n,
 c

ol
lo

id
al

 s
ta

bi
lit

y 
an

d 
sc

al
ab

ili
ty

.  
In

 p
ar

tic
ul

ar
 w

e 
sh

ow
 t

he
 s

yn
th

es
is

 o
f 

or
ga

ne
lle

 t
ar

ge
tin

g 
pe

pt
id

e 
de

riv
at

iz
ed

 
S

P
IO

N
s.

 T
he

 c
om

bi
na

tio
n 

of
 f

un
ct

io
na

liz
ed

 S
PI

O
N

s 
an

d 
th

ei
r 

ab
ili

ty
 t

o 
be

 r
ec

ov
er

ed
 

us
in

g 
a 

m
ag

ne
tic

 c
ol

um
n 

co
up

le
d 

w
ith

 b
io

m
ol

ec
ul

ar
 m

as
s 

sp
ec

tro
m

et
ry

 h
as

 a
llo

w
ed

 u
s 

to
 e

xp
lo

re
 a

 c
om

pl
ex

 i
nt

ra
ce

llu
la

r 
pa

th
w

ay
 u

si
ng

 a
 p

ep
tid

e 
th

at
 i

s 
kn

ow
n 

to
 t

ar
ge

t 
m

ito
ch

on
dr

ia
. 

H
er

e 
w

e 
de

m
on

st
ra

te
d 

th
e 

co
nc

ep
t 

of
 b

io
m

ol
ec

ul
ar

 i
nt

er
ac

tio
n 

ne
tw

or
k 

el
uc

id
at

io
n 

w
ith

 a
n 

or
ga

ne
lle

-ta
rg

et
in

g 
pe

pt
id

e,
 b

ut
 th

e 
co

nc
ep

t w
ou

ld
 a

ls
o 

be
 a

pp
lic

ab
le

 
w

ith
 m

or
e 

sp
ec

ifi
c 

bi
om

ol
ec

ul
ar

, 
ra

th
er

 t
ha

n 
or

ga
ne

lle
, 

ta
rg

et
in

g.
 O

th
er

 a
pp

lic
at

io
ns

 o
f 

th
is

 
te

ch
no

lo
gy

 
in

cl
ud

e 
or

ga
ne

lle
-s

pe
ci

fic
 

dr
ug

 
de

liv
er

y,
 

st
ud

y 
of

 
co

m
pl

ex
 

ce
llu

la
r 

si
gn

al
in

g 
pa

th
w

ay
s 

an
d 

m
et

ab
ol

is
m

, a
nd

 im
ag

in
g 

sp
ec

ifi
c 

pa
th

ol
og

ie
s 

su
ch

 a
s 

m
al

ig
na

nt
 

ne
op

la
si

a.

Sc
he

m
at

ic
 re

pr
es

en
ta

tio
n 

of
 m

ag
ne

tic
 m

ic
ro

-r
ea

ct
or
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re

 c
ar

bo
n 

co
at

ed
 m

et
al

 n
an

op
ar

tic
le

s a
 h

ig
h 

m
ag

ne
tiz

at
io

n 
al

te
rn

at
iv

e 
to

 o
xi

de
 b

as
ed

 b
ea

ds
?

R
.N

. G
ra

ss
1*

 a
nd

 W
.J

. S
ta

rk
1

1  In
st

itu
te

 fo
r C

he
m

ic
al

 a
nd

 B
io

en
gi

ne
er

in
g,

 E
TH

 Z
ur

ic
h,

 W
ol

fg
an

g 
Pa

ul
i S

tr.
 1

0,
 8

09
3 

Zu
ric

h,
 

Sw
itz

er
la

nd
, * E-

m
ai

l: 
ro

be
rt.

gr
as

s@
ch

em
.e

th
z.

ch
 

Fe
rr

ite
 p

ar
tic

le
s 

an
d 

po
ly

m
er

s 
lo

ad
ed

 w
ith

 ir
on

 o
xi

de
s 

ha
ve

 b
ee

n 
us

ed
 in

 c
he

m
ic

al
 a

nd
 

bi
ol

og
ic

al
 s

ep
ar

at
io

n 
ta

sk
s 

fo
r 

m
or

e 
th

an
 5

0 
ye

ar
s. 

A
lth

ou
gh

 m
et

al
s 

(ir
on

, n
ic

ke
l, 

co
ba

lt 
&

 a
llo

ys
) 

us
ua

lly
 s

ho
w

 h
ig

hl
y 

en
ha

nc
ed

 m
ag

ne
tic

 p
ro

pe
rti

es
, 

th
ei

r 
us

e 
as

 m
ag

ne
tic

 
m

ic
ro

- 
or

 e
ve

n 
na

no
- 

pa
rti

cl
e 

ha
s 

be
en

 h
am

pe
re

d 
by

 t
he

ir 
la

ck
 o

f 
ox

id
at

io
n-

st
ab

ili
ty

 
un

de
r 

m
os

t 
op

er
at

io
n 

co
nd

iti
on

s. 
Th

is
 l

im
ita

tio
n 

ha
s 

ho
w

ev
er

 b
ee

n 
ci

rc
um

ve
nt

ed
 b

y 
co

at
in

g 
m

et
al

lic
 n

an
op

ar
tic

le
s w

ith
 c

ar
bo

n 
co

at
in

gs
 o

nl
y 

1-
2 

nm
 th

ic
k.

 [1
] 

W
e 

pr
es

en
t 

ad
va

nt
ag

es
, 

po
ss

ib
ili

tie
s 

an
d 

ch
al

le
ng

es
 

of
 

ca
rb

on
 

co
at

ed
 

m
et

al
lic

 
na

no
pa

rti
cl

es
, 

w
hi

ch
 h

av
e 

re
ce

nt
ly

 b
ee

n 
co

m
m

er
ci

al
iz

ed
 b

y 
Tu

rb
oB

ea
ds

 L
lc

 [
2]

. 
Th

e 
hi

gh
 fu

nc
tio

na
l l

oa
di

ng
 o

f t
he

se
 s

tru
ct

ur
es

 in
 c

om
bi

na
tio

n 
w

ith
 v

er
y 

re
sp

on
si

ve
 m

ag
ne

tic
 

pr
op

er
tie

s 
pr

op
os

es
 

ap
pl

ic
at

io
ns

 
in

 
m

ag
ne

tic
 

po
ly

m
er

s, 
w

at
er

 
pu

rif
ic

at
io

n,
 

im
m

un
op

re
ci

pi
ta

tio
n 

an
d 

ch
em

ic
al

 c
at

al
ys

is
. 

Th
es

e 
ap

pl
ic

at
io

ns
 w

ill
 b

e 
di

sc
us

se
d 

in
 

te
rm

s 
of

 c
he

m
ic

al
 re

ac
tiv

ity
, d

is
pe

rs
io

n 
st

ab
ili

ty
 a

nd
 ti

m
e 

of
 o

pe
ra

tio
n.

 W
e 

w
ill

 u
se

 th
is

 
di

sc
us

si
on

 t
o 

hi
gh

lig
ht

 t
he

 o
pp

or
tu

ni
tie

s 
as

 w
el

l 
as

 p
os

si
bl

e 
pi

tfa
lls

 o
f 

th
is

 n
ov

el
 

te
ch

no
lo

gy
 in

 c
om

pa
ris

on
 w

ith
 fe

rr
ite

 n
an

op
ar

tic
le

s. 

R
ef

er
en

ce
s:

[1
] 

R
. N

. G
ra

ss
, E

. K
. A

th
an

as
si

ou
, W

. J
. S

ta
rk

, A
ng

ew
. C

he
m

. I
nt

. E
d.

 2
00

7,
 4

6,
 

49
09

. 
[2

] 
R

. N
. G

ra
ss

, W
. J

. S
ta

rk
, P

C
T 

Pa
te

nt
 A

pp
lic

at
io

n,
 N

ov
 2

00
6.

  

P
re

p
ar

at
io

n
 o

f 
sp

h
er

ic
al

 a
n

d
 h

ig
h

ly
 m

on
od

is
p

er
se

 f
er

ri
te

 n
an

op
ar

ti
cl

es
w

it
h

 d
ia

m
et

er
s 

b
et

w
ee

n
 5

0–
15

0 
n

m
 f

or
 b

io
m

ed
ic

al
 a

p
p

li
ca

ti
on

s 

T
os

hi
yu

ki
 T

an
ak

a
1,

2,
* , R

yu
ic

hi
 S

hi
m

az
u

 1
, H

ir
on

or
iN

ag
ai

 1
, M

as
ar

u
T

ad
a 1

,
T

ak
as

hi
 N

ak
ag

aw
a 1

, A
da

rs
h 

Sa
nd

hu
 3

,4
, H

ir
os

hi
 H

an
da

 4
,5

, M
as

an
or

iA
be

 1
,4

1
D

ep
ar

tm
en

t o
f P

hy
si

ca
l E

le
ct

ro
ni

cs
,T

ok
yo

 In
st

itu
te

 o
f T

ec
hn

ol
og

y,
2-

21
-1

 O
ok

ay
am

a,
 M

eg
ur

o-
ku

, T
ok

yo
, J

ap
an

,2

To
ky

o 
B

io
 R

&
 D

 C
en

te
r, 

M
ot

or
tro

ni
cs

 L
ab

or
at

or
y,

Ta
m

ag
aw

a 
Se

ik
i 

C
o.

,
Lt

d.
, 

Yo
ko

ha
m

a,
 J

ap
an

,
3

Q
ua

nt
um

N
an

oe
le

ct
ro

ni
cs

 R
es

ea
rc

h
C

en
te

r, 
To

ky
o

In
st

itu
te

 o
f T

ec
hn

ol
og

y,
To

ky
o,

Ja
pa

n,
4
In

te
gr

at
ed

 R
es

ea
rc

h 
In

st
itu

te
,T

ok
yo

In
st

itu
te

of
 T

ec
hn

ol
og

y,
 T

ok
yo

,
Ja

pa
n,

5
D

ep
ar

tm
en

t 
of

 B
io

lo
gi

ca
l 

In
fo

rm
at

io
n,

To
ky

o 
In

st
itu

te
 o

f 
Te

ch
no

lo
gy

,
Yo

ko
ha

m
a,

 Ja
pa

n,
 *

E-
m

ai
l: 

ta
na

ka
.t.

as
@

m
.ti

te
ch

.a
c.

jp

Sp
he

ric
al

 a
nd

 m
on

od
is

pe
rs

e 
fe

rr
ite

 n
an

op
ar

tic
le

s 
pl

ay
 a

 c
rit

ic
al

 r
ol

e 
as

 m
ag

ne
tic

ca
rr

ie
rs

 i
n 

bi
o-

sc
re

en
in

g,
 d

ru
g 

de
liv

er
y 

sy
st

em
s, 

m
ag

ne
tic

 h
yp

er
th

er
m

ia
 a

nd
 r

el
at

ed
 

bi
om

ed
ic

al
 a

pp
lic

at
io

ns
. T

he
 s

ph
er

ic
al

 s
ha

pe
 w

ith
 n

on
-d

om
in

an
t c

ry
st

al
 p

la
ne

s 
en

ab
le

s 
th

e 
hi

gh
 d

is
pe

rs
io

n 
in

 w
at

er
 a

nd
 th

e 
un

ifo
rm

 im
m

ob
ili

za
tio

n 
of

 b
io

ac
tiv

e 
m

ol
ec

ul
es

 o
n 

th
e 

su
rf

ac
es

. 
Th

e 
m

on
od

is
pe

rs
e 

pr
op

er
tie

s 
en

do
w

 
th

e 
pa

rti
cl

es
 

w
ith

 
un

ifo
rm

 
hy

dr
od

yn
am

ic
 a

nd
 m

ag
ne

tic
 p

ro
pe

rti
es

, 
ad

va
nt

ag
eo

us
 f

or
 m

ag
ne

tic
 s

ep
ar

at
io

n 
of

 t
he

pa
rti

cl
es

 f
ro

m
 t

he
 s

us
pe

ns
io

n.
 T

o 
th

e 
be

st
 o

f 
ou

r 
kn

ow
le

dg
e,

 h
ow

ev
er

, s
ph

er
ic

al
 a

nd
 

m
on

od
is

pe
rs

e 
iro

n 
fe

rr
ite

 n
an

op
ar

tic
le

s 
pr

ep
ar

ed
 b

y 
ch

em
ic

al
 s

yn
th

es
is

 h
av

e 
be

en
 

lim
ite

d 
to

 sm
al

le
r t

ha
n 

30
 n

m
 o

r l
ar

ge
r t

ha
n 

20
0 

nm
 in

 si
ze

.
W

e 
w

ill
 

re
po

rt 
th

at
 

sp
he

ric
al

 
an

d 
hi

gh
ly

 
m

on
od

is
pe

rs
e 

fe
rr

ite
 

pa
rti

cl
es

 
w

ith
 

cr
ys

ta
lli

ne
 s

tru
ct

ur
es

 in
te

rm
ed

ia
te

 b
et

w
ee

n 
Fe

3O
4 a

nd
 �

-F
e 2

O
3 a

nd
 d

ia
m

et
er

s 
of

 5
0–

15
0 

nm
 w

er
e 

sy
nt

he
si

ze
d 

by
 a

dd
in

g 
on

e 
ou

t o
f 

fiv
e 

sp
ec

ifi
c 

di
sa

cc
ha

rid
es

 a
nd

 s
ee

d 
fe

rr
ite

 
cr

ys
ta

ls
 (3

–8
 n

m
 in

 si
ze

) i
nt

o 
an

 a
qu

eo
us

re
ac

tio
n 

so
lu

tio
n 

[1
]. 

Th
e 

sp
he

ric
al

 sh
ap

es
 a

nd
 

m
on

od
is

pe
rs

e 
pr

op
er

tie
s 

of
 th

e 
pa

rti
cl

es
 w

er
e 

as
 a

 re
su

lt 
of

 a
dd

in
g 

th
e 

di
sa

cc
ha

rid
e 

an
d 

se
ed

 c
ry

st
al

s, 
re

sp
ec

tiv
el

y.
 T

he
 a

ve
ra

ge
 s

iz
e 

of
 th

e 
pa

rti
cl

es
 w

as
 c

on
tro

lle
d 

by
 c

ho
os

in
g 

an
 a

pp
ro

pr
ia

te
 d

is
ac

ch
ar

id
e 

an
d 

by
 c

ha
ng

in
g 

th
e 

qu
an

tit
y 

of
 th

e 
se

ed
 c

ry
st

al
s 

as
 s

ho
w

n 
in

 th
e 

fig
ur

e.
 T

he
 p

ar
tic

le
s 

ha
d 

a 
sa

tu
ra

tio
n 

m
ag

ne
tiz

at
io

n 
of

 7
5 

em
u/

g,
 w

hi
ch

 is
 s

im
ila

r
to

 th
at

 o
f b

ul
k 

sa
m

pl
es

 o
f F

e 3
O

4–
�-

Fe
2O

3. 
W

he
n 

co
at

ed
 w

ith
 c

itr
at

e,
 th

e 
pa

rti
cl

es
, e

ve
n

th
os

e 
w

ith
 d

ia
m

et
er

s 
la

rg
er

 th
an

 1
00

 n
m

, f
or

m
ed

 a
 s

us
pe

ns
io

n 
in

 w
at

er
 th

at
 w

as
 s

ta
bl

e 
fo

r o
ve

r t
w

o 
da

ys
. T

he
 p

hy
si

ca
l p

ro
pe

rti
es

 o
f t

he
se

 n
ov

el
 p

ar
tic

le
s 

w
ill

 fi
nd

 a
pp

lic
at

io
ns

 
as

 m
ag

ne
tic

 c
ar

rie
rs

 in
 b

io
m

ed
ic

al
 a

pp
lic

at
io

ns
.

[1
] M

. A
be

, H
. H

an
da

, T
. N

ak
ag

aw
a,

 M
. T

ad
a,

 R
. S

hi
m

az
u,

 a
nd

 T
. T

an
ak

a;
 P

at
en

t N
o.

PC
T/

JP
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07
/0
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6 
(2

00
7)
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d 
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52
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Tr
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e
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uc
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M
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se
S
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ro

se
C

el
lo
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e

S
ee

d 
C

ry
st
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 2
.7

 m
g/

40
 m

l

S
ee
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C

ry
st

al
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 1
3.

5 
m
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40

 m
l

d 
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78
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m

10
0 
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10

0 
nm

10
0 

nm
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0 
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0 
nm

10
0 
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0 
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6
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13
 n

m

d 
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± 

9 
nm

d 
= 

10
8

± 
16

 n
m

d 
= 

45
± 

6 
nm

d 
= 

96
± 

11
 n

m

D
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ac
ch

ar
id

e:

TE
M

 im
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es
 f

or
 f

er
rit

e 
na

no
pa

rti
cl

es
 s

yn
th

es
iz

ed
 w

ith
 a
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iti
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f 
a 

di
sa
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rid
e 

an
d 

se
ed

 c
ry

st
al

s. 
Pa

rti
cl

e 
di
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et

er
 re

du
ce

d 
as

 se
ed
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ry

st
al

 c
on

ce
nt
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tio

n 
in
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se
d.
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i,d
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1
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ng
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cs
, c
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m
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 E
ng
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ee
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l S
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en

ce
s, 

C
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ne
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e 
M

el
lo

n 
U

ni
ve

rs
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A
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tr
ac

t

 
W

e 
de
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e 
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e 
de

ve
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en

t 
of

 i
ro

n 
ox

id
e-
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re
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go
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-s
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ll 

na
no
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rti

cl
e 

pr
ob

es
 f

or
 

ev
en

tu
al

 u
se

 a
s 

m
ag

ne
tic

al
ly

 g
ui

de
d 

bi
os

en
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r p
ar

tic
le

s. 
Th

e 
pa

rti
cl

es
 c

om
bi

ne
 m

ag
ne

tic
 c

on
tro

l 
of

 m
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io
n 

an
d 

su
rf
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e 

pl
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m
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 r
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an

ce
 f

or
 s
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e 
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rti
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e 
op
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al

 i
m

ag
in

g.
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is
pe
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e,
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gh
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en
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et
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 d
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m
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 m
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 m
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 (p
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, e
ff

ic
ie

nt
 e

G
FP

 s
up

pr
es

si
on

 w
as

 a
ch

ie
ve

d 
us

in
g 

m
ag

ne
tic

 N
P 

fo
rm

ul
at

ed
 w

ith
 

ei
th

er
 b

ra
nc

he
d 

or
 li

ne
ar

 P
EI

. T
he

 e
G

FP
 s

up
pr

es
si

on
 in

 A
10

 c
el

ls
 d

ep
en

de
d 

di
re

ct
ly

 o
n 

th
e 

N
P 

do
se

 
fo

r b
ot

h 
fo

rm
ul

at
io

n 
ty

pe
s. 

Th
e 

su
pp

re
ss

io
n 

of
 e

G
FP

 w
as

 d
ire

ct
ly

 s
iR

N
A

 d
os

e 
de

pe
nd

en
t i

n 
th

e 
ca

se
 

of
 li

ne
ar

 P
EI

-N
P 

an
d 

in
ve

rs
el

y 
de

pe
nd

en
t f

or
 b

ra
nc

he
d 

PE
I-

N
P 

re
su

lti
ng

 in
 a

 m
ax

im
al

 s
up

pr
es

si
on

 o
f 

40
%

 f
or

 b
ot

h 
N

P 
ty

pe
s. 

In
 B

A
EC

, t
he

 e
G

FP
 s

up
pr

es
si

on
 d

ep
en

de
d 

di
re

ct
ly

 o
n 

th
e 

N
P 

do
se

 f
or

 th
e 

br
an

ch
ed

 P
EI

-N
P 

on
ly

. T
he

 e
G

FP
 s

up
pr

es
si

on
 w

as
 n

ot
 d

ep
en

de
nt

 o
n 

th
e 

si
R

N
A

 d
os

es
 f

or
 b

ot
h 

N
P 

ty
pe

s 
re

su
lti

ng
 i

n 
a 

m
ax

im
al

 s
up

pr
es

si
on

 o
f 

50
%

 f
or

 b
ot

h 
N

P 
fo

rm
ul

at
io

ns
. 

St
ud

ie
d 

N
P/

si
R

N
A

 
co

m
pl

ex
es

 d
id

 n
ot

 s
ig

ni
fic

an
tly

 c
om

pr
om

is
e 

ce
ll 

su
rv

iv
al

 s
ho

w
in

g 
m

or
e 

th
an

 9
0%

 o
f 

vi
ab

le
 c

el
ls

 5
 

da
ys

 p
os

t 
tre

at
m

en
t 

at
 m

ax
im

al
 N

P 
do

sa
ge

s 
fo

r 
bo

th
 N

P 
an

d 
ce

ll 
ty

pe
s. 

It 
is

 c
on

cl
ud

ed
 t

ha
t 

m
ag

ne
tic

al
ly

 r
es

po
ns

iv
e 

lin
ea

r 
PE

I-
N

P 
de

m
on

st
ra

te
d 

in
cr

ea
se

d 
de

liv
er

y 
ef

fic
ie

nc
y 

of
 p

la
sm

id
 D

N
A

 
ve

rs
us

 b
ra

nc
he

d 
PE

I-
N

P 
w

hi
le

 in
 th

e 
ge

ne
 s

ile
nc

in
g 

ex
pe

rim
en

ts
 n

o 
di

ff
er

en
ce

 in
 c

ap
ac

ity
 to

 s
up

pr
es

s 
ge

ne
s f

or
 b

ot
h 

ty
pe

s o
f N

P 
w

as
 o

bs
er

ve
d.

 

#
3

#
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se
le

ct
of

ec
tio

n 
– 

co
m

bi
ne

d 
m

ag
ne

tic
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el
l s

ep
ar

at
io

n 
an

d 
m

ag
ne

to
fe

ct
io

n 

Y
ol

an
da

 S
an

ch
ez

 A
nt

eq
ue

ra
, O

lg
a 

M
yk

ha
yl

yk
, E

de
lb

ur
ga

 H
am

m
er

sc
hm

id
, C

hr
is

tia
n 

Pl
an

k 
K

lin
ik

um
 re

ch
ts

 d
er

 Is
ar

, T
U

M
, I

ns
tit

ut
e 

fo
r E

xp
er

im
en

ta
l O

nc
ol

og
y,

 Is
m

an
in

ge
rs

tr.
 2

2,
 8

16
75

 
M

un
ic

h,
 G

er
m

an
y.

 Y
ol

an
da

@
ha

re
nb

ur
g.

ne
t

M
ag

ne
tic

 c
el

l s
ep

ar
at

io
n 

is
 th

e 
m

et
ho

d 
of

 c
ho

ic
e 

fo
r i

so
la

tin
g 

sp
ec

ifi
c 

ce
ll 

po
pu

la
tio

ns
 fr

om
 ti

ss
ue

 
sa

m
pl

es
. 

M
ag

ne
to

fe
ct

io
n 

is
 a

 h
ig

hl
y 

ef
fic

ie
nt

 t
ra

ns
fe

ct
io

n 
m

et
ho

d 
ex

pl
oi

tin
g 

th
e 

in
flu

en
ce

 o
f 

m
ag

ne
tic

 f
ie

ld
 a

ct
in

g 
on

 n
uc

le
ic

 a
ci

d 
ve

ct
or

s 
as

so
ci

at
ed

 w
ith

 m
ag

ne
tic

 n
an

op
ar

tic
le

s. 
H

er
e 

w
e 

ex
am

in
ed

 w
he

th
er

 M
ilt

en
yi

 M
A

C
S®

 m
ag

ne
tic

 c
el

l s
ep

ar
at

io
n 

te
ch

no
lo

gy
 a

nd
 m

ag
ne

to
fe

ct
io

n 
ca

n 
be

 c
om

bi
ne

d 
to

 o
ne

 i
nt

eg
ra

te
d 

pr
oc

ed
ur

e 
of

 c
el

l 
is

ol
at

io
n 

an
d 

tra
ns

fe
ct

io
n.

 M
et

ho
ds

. 
St

an
da

rd
 

m
ag

ne
to

fe
ct

io
n 

pr
oc

ed
ur

e 
w

as
 o

pt
im

iz
ed

 o
n 

a 
96

-w
el

l p
la

te
 to

 b
e 

us
ed

 
in

 
su

sp
en

si
on

 
ty

pe
 

Ju
rk

at
 

ce
lls

 
us

in
g 

m
ag

ne
to

fe
ct

io
n 

ve
ct

or
s 

fo
rm

ul
at

ed
 

w
ith

 
no

ve
l 

m
ag

ne
tic

 
na

no
pa

rti
cl

es
 

in
 

co
m

bi
na

tio
n 

w
ith

 t
he

 D
re

am
fe

ct
-G

ol
d 

tra
ns

fe
ct

io
n 

re
ag

en
t 

(O
Z 

B
io

sc
ie

nc
es

). 
In

 a
 s

ec
on

d 
st

ep
, 

lo
ad

in
g 

of
 M

ilt
en

yi
 M

A
C

S®
 

co
lu

m
ns

 e
xp

lo
iti

ng
 m

ag
ne

tic
 re

te
nt

io
n 

of
 m

ag
ne

to
fe

ct
io

n 
ve

ct
or

s 
w

as
 e

st
ab

lis
he

d.
 I

n 
a 

th
ird

 s
te

p,
 o

n 
co

lu
m

n 
m

ag
ne

to
fe

ct
io

n 
of

 
Ju

rk
at

 c
el

ls
 w

as
 e

st
ab

lis
he

d.
 I

n 
a 

fo
rth

 s
te

p,
 m

ix
tu

re
s 

of
 K

56
2 

an
d 

Ju
rk

at
 

ce
lls

 
w

er
e 

tre
at

ed
 

w
ith

 
Ju

rk
at

-s
pe

ci
fic

 
C

D
2 

M
ic

ro
be

ad
s 

(M
ilt

en
yi

), 
ap

pl
ie

d 
to

 m
ag

ne
to

fe
ct

io
n 

ve
ct

or
 lo

ad
ed

 
M

A
C

S®
 

co
lu

m
ns

 
pl

ac
ed

 
on

 
M

id
iM

A
C

STM
 

m
ag

ne
ts

 
an

d 
st

ep
w

is
e 

el
ut

ed
 f

irs
t 

in
 t

he
 p

re
se

nc
e 

of
 t

he
 m

ag
ne

tic
 f

ie
ld

 
fo

llo
w

ed
 b

y 
pr

es
su

re
 e

nf
or

ce
d 

el
ut

io
n 

in
 t

he
 a

bs
en

ce
 o

f 
th

e 
m

ag
ne

tic
 f

ie
ld

. 
C

el
l 

se
pa

ra
tio

n 
sp

ec
ifi

ci
ty

, 
ve

ct
or

 a
ss

oc
ia

tio
n 

w
ith

 a
nd

 i
nt

er
na

liz
at

io
n 

in
to

 t
ar

ge
t 

ce
lls

, 
ce

ll 
re

co
ve

ry
, 

ce
ll 

vi
ab

ili
ty

 a
nd

 t
he

 e
ff

ic
ie

nc
y 

an
d 

sp
ec

ifi
ci

ty
 o

f 
re

po
rte

r 
ge

ne
 

ex
pr

es
si

on
 

w
er

e 
an

al
yz

ed
. 

M
ag

ne
tic

 
re

sp
on

si
ve

ne
ss

 
of

 
th

e 
m

ag
ne

tic
al

ly
 l

ab
el

le
d 

ce
lls

 (
Ju

rk
at

-C
D

45
 B

ea
ds

), 
tra

ns
fe

ct
io

n 
tri

pl
ex

es
 a

nd
 c

el
ls

 p
os

t-t
ra

ns
fe

ct
io

n 
on

 c
ol

um
n 

w
as

 e
va

lu
at

ed
 u

si
ng

 s
im

pl
e 

tu
rb

id
ity

 m
ea

su
re

m
en

ts
 (

D
/D

0)
 u

po
n 

ap
pl

ic
at

io
n 

of
 t

he
 

m
ag

ne
tic

 f
ie

ld
 (

M
F)

. 
R

es
ul

ts
. 

A
 p

ro
to

co
l 

fo
r 

m
ag

se
le

ct
of

ec
tio

n 
w

as
 e

st
ab

lis
he

d.
 P

ro
ce

du
re

 f
or

 
ve

ct
or

 l
oa

di
ng

 o
n 

co
lu

m
ns

 w
as

 d
ev

el
op

ed
 e

na
bl

in
g 

10
0%

 r
et

en
tio

n 
of

 t
he

 m
ag

ne
tic

 c
om

pl
ex

es
. 

V
ec

to
r a

ss
oc

ia
tio

n 
w

ith
 ta

rg
et

 c
el

ls
 a

fte
r 3

0 
m

in
 in

cu
ba

tio
n 

of
 th

e 
co

lu
m

n 
on

 th
e 

m
ag

ne
t w

as
 h

ig
he

r 
th

an
 9

0%
. 

Th
e 

ve
ct

or
 i

nt
er

na
lis

at
io

n 
6 

h 
an

d 
48

 h
 p

os
t-t

ra
ns

fe
ct

io
n 

w
as

 >
 4

0%
 a

nd
 >

 5
0%

, 
re

sp
ec

tiv
el

y.
 C

el
l r

ec
ov

er
y 

fr
om

 v
ec

to
r-

lo
ad

ed
 c

ol
um

ns
 w

as
 q

ua
nt

ita
tiv

e.
 P

ur
ity

 w
as

 9
5 

± 
0.

4%
 fo

r 
th

e 
K

56
2 

po
pu

la
tio

n 
an

d 
96

 ±
 0

.4
%

 fo
r t

he
 J

ur
ka

t f
ra

ct
io

n 
re

ta
in

ed
 o

n 
th

e 
co

lu
m

n.
 O

ve
ra

ll 
re

po
rte

r 
ge

ne
 e

xp
re

ss
io

n 
w

as
 h

ig
h 

an
d 

sp
ec

ifi
c 

fo
r 

Ju
rk

at
 c

el
ls

, a
nd

 c
el

l v
ia

bi
lit

y 
w

as
 >

80
%

. C
on

cl
us

io
ns

. 
Pr

oo
f 

of
 p

rin
ci

pl
e 

fo
r 

co
m

bi
ne

d 
m

ag
ne

tic
 

ce
ll 

se
pa

ra
tio

n 
an

d 
m

ag
ne

to
fe

ct
io

n 
on

 
co

lu
m

n 
(m

ag
se

le
ct

of
ec

tio
n)

 
w

as
 

pr
ov

id
ed

. 
Th

is
 t

ec
hn

ol
og

y 
m

ay
 

be
co

m
e 

a 
us

ef
ul

 t
oo

l 
in

 n
uc

le
ic

 
ac

id
 

th
er

ap
y 

ap
pr

oa
ch

es
 

in
vo

lv
in

g 
ex

-v
iv

o 
ge

ne
tic

al
ly

 
m

od
ifi

ed
 

ce
lls

 
su

ch
 

as
 

he
m

at
op

oi
et

ic
 s

te
m

 c
el

ls
 i

n 
th

e 
ca

se
 o

f 
SC

ID
-X

1 
ge

ne
 t

he
ra

py
. 
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nd
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w
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. 

(2
)

P
am

m
e,

 N
.; 

M
an

z,
 A

. A
na

ly
tic

al
 C

he
m

is
try

20
04

,7
6,

 7
25

0-
72

56
.
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m
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n 
a 

C
hi

p
20

06
,6

, 9
74

-9
80

.

#
3

6
#

3
5



Sc
al

e-
up

 a
nd

 c
om

pa
ra

bi
lit

y 
st

ud
y 

of
 T

-c
el

l d
ep

le
tio

n 
in

 s
in

gl
e 

in
le

t –
 s

in
gl

e 
ou

tle
t Q

M
S 

Th
om

as
 S

ch
ne

id
er

1 *,
 L

ee
 R

. M
oo

re
1 , J

ef
fr

ey
 J.

 C
ha

lm
er

s2 , M
ac

ie
j Z

bo
ro

w
sk

i1

1 D
ep

ar
tm

en
t o

f B
io

m
ed

ic
al

 E
ng

in
ee

ri
ng

, C
le

ve
la

nd
 C

lin
ic

Le
rn

er
 R

es
ea

rc
h 

In
st

itu
te

, 9
50

0 
Eu

cl
id

 A
ve

., 
C

le
ve

la
nd

, O
hi

o 
44

19
5,

 U
SA

 
2 D

ep
ar

tm
en

t o
f C

he
m

ic
al

 a
nd

 B
io

m
ol

ec
ul

ar
 E

ng
in

ee
ri

ng
, T

he
 O

hi
o 

St
at

e 
U

ni
ve

rs
ity

, C
ol

um
bu

s, 
O

hi
o,

 U
SA

 
*c

or
re

sp
on

di
ng

 a
ut

ho
r: 

Th
om

as
 S

ch
ne

id
er

 (e
m

ai
l: 

Th
om

as
.S

ch
ne

id
er

.8
1@

gm
x.

ne
t, 

Te
l: 

1-
21

6-
44

5-
93

42
) 

Pr
e-

cl
in

ic
al

 s
ca

le
 T

-c
el

l d
ep

le
tio

n 
(2

 �
 1

08  p
ro

ce
ss

ed
 c

el
ls

) 
us

in
g 

a 
si

ng
le

 in
le

t –
 s

in
gl

e 
ou

tle
t, 

pu
m

p 
co

nt
ro

lle
d 

qu
ad

ru
po

le
 m

ag
ne

tic
 f

lo
w

 c
el

l s
or

te
r 

(Q
M

S)
 w

as
 u

nd
er

 in
ve

st
ig

at
io

n 
to

 s
ho

w
 

re
pr

od
uc

ib
ili

ty
 o

f 
pu

bl
is

he
d 

re
su

lts
 i

n 
a 

pr
oc

es
s 

sc
al

e-
up

. B
uf

fy
 c

oa
ts

 f
ro

m
 h

ae
m

oc
hr

om
at

os
is

pa
tie

nt
s w

er
e 

sp
ik

ed
 w

ith
 c

ul
tu

re
d 

K
g-

1a
 c

el
ls

 to
 m

im
ic

 p
er

ip
he

ra
l p

ro
ge

ni
to

r c
el

ls
. T

he
 ta

rg
et

 T
-

ce
ll 

fr
ac

tio
n 

w
as

 i
m

m
un

om
ag

ne
tic

al
ly

 l
ab

el
ed

 i
n 

a 
on

e 
or

 t
w

o 
st

ep
 l

ab
el

in
g 

pr
ot

oc
ol

 w
ith

ou
t 

w
as

hi
ng

 a
nd

 d
ep

le
te

d 
by

 n
eg

at
iv

e 
se

le
ct

io
n 

at
 s

or
tin

g 
sp

ee
ds

 o
f u

p 
to

 3
.3

 �
 1

06  c
el

ls
 p

er
 s

ec
on

d.
 

A
 m

ea
n 

lo
g 1

0 T
-c

el
l d

ep
le

tio
n 

of
 2

.9
 (r

an
ge

 2
.1

3 
to

 3
.7

4,
 n

=4
) f

or
 a

 o
ne

-s
te

p 
la

be
lin

g 
st

ra
te

gy
 a

nd
 

a 
m

ea
n 

lo
g 1

0 
T-

ce
ll 

de
pl

et
io

n 
of

 3
.1

 (
ra

ng
e 

2.
58

 to
 3

.5
9,

 n
=2

) 
fo

r 
a 

tw
o-

st
ep

 la
be

lin
g 

st
ra

te
gy

 
sh

ow
ed

 a
 r

ea
so

na
bl

e 
ag

re
em

en
t 

w
ith

 p
ub

lis
he

d 
da

ta
 d

es
cr

ib
in

g 
1 / 10

 a
s 

m
an

y 
ce

lls
 p

ro
ce

ss
ed

 
co

m
pa

re
d 

to
 th

is
 s

tu
dy

. T
he

 d
ep

le
tio

n 
ex

pe
rim

en
ts

 s
ho

w
 h

ig
h 

to
ta

l c
el

l r
ec

ov
er

y 
(9

2.
7 
� 

7.
7%

) 
an

d 
hi

gh
 v

ia
bi

lit
y 

(9
5.

0 
� 

3.
8%

) 
an

d 
re

co
ve

ry
 o

f 
th

e 
sp

ik
ed

 c
el

l f
ra

ct
io

n 
(8

1.
7 
� 

14
.7

%
). 

Th
e 

st
ud

y 
al

so
 re

ve
al

ed
 c

ha
lle

ng
es

 a
nd

 li
m

ita
tio

ns
 fo

r a
 s

ca
le

-u
p 

in
to

 c
lin

ic
al

 s
ca

le
 T

-c
el

l d
ep

le
tio

ns
 

(>
 1

 �
 1

09
- 1

 �
 1

010
). 

Th
e 

cu
rr

en
t g

oa
l i

s 
a 

4 
lo

g 1
0 T

-c
el

l d
ep

le
tio

n.
 T

he
 c

om
po

si
tio

n 
of

 d
iff

er
en

t 
ce

ll 
fr

ac
tio

ns
 fo

r a
n 

id
ea

l d
ep

le
tio

n 
is

 sh
ow

n 
in

 th
e 

Fi
gu

re
.

Fi
gu

re
. I

de
al

iz
ed

 4
 lo

g 1
0 T

-c
el

l d
ep

le
tio

n 
by

 Q
M

S.

Q
M

S
w

ith
 p

um
p 

-T
ho

m
as

 S
ch

ne
id

er
_0

32
50

8
3/

26
/2

00
8

#
3

8
#

3
7



�
��
��
��
�	
��

	�

�

�

�
��
�

��

	
��
	�
�
�
��
��

	
��
	�
��
��
��

	
��
�
��
��
��
�
�
��
��
��
�

��
��

��
��

�
	�


�
��


�




��
��




�
���
��

�
�	
��
���

��
���
���

	�
��
��
 �
�� �
��
��!

��
��
�

�"
�� �
�#
���
��
��
�	
��
�� �
�#
��$

���
	�
�	
��
��
�� �
�%
�&

��
��

�
��
�' �
�(
�$
�)
��

�"
��
��

'

� ��
��
���
��

��
	

��
�


��
��

��
��
���
��
��
��
���
�	
��
��
�
��
��
�
��
	

��
��

��
��
���
	�
��

��
��
�	
��
��
��
�� �
�	
��
���
��
���
��

��
	

��
��
��
��
� 

��
��
��
��
�!
�"
	�
��
	�
��
	

� 
��
�	
"�
	�
	#
��
�$
�"
��
�� 
��
��
��
�%�
�

��
��
��
��
���
�	
��
��

&�
��
�	
�	
#�

��
��!
��
��
��
��
��
��
��
��!
��
�'
��
��
��
��
��
��

��
��(
��
��
��
���
��
��
��)
�*
+
��
��,
��

��
�
��
-
��
��

�.
��

+
	�

��
��
��
��
��
��

��
���
��

��
��
��
��
��
��
��
	�

�
��

�



��
��

�
	

��
��
��
/�
���
���

��
��
	�
��
�	
��
	

�"
	�
��


�
��
�
��
��
��
��
��
	�
	�
	�
��
��

��
��
�$
�
�
.�0
�#
��
��

�
��

��
��
$
�
�
���
��

��
��
��
��
�
	
���
��
��
���
��
�

�	
��
��
��
��

��
��
��
��
��
�

���
��
�
��
�#

��
��
��
��
�
	�

��
��
��
��
�	
��
�#
��
��
��

�/
��
��
��
#.
�1
��
��
	�
��
�

��
�	
��
��
���
�2

��
��
3
�


�
��
�

���
��	
��
��
��

�

��
	�
4�
��
	�
	

	�
�
��
��
��
��
�	
��

�
	�

��
��

��
�

	�
��
��
�

��
�
�
��
��	
��
	

�$
�
�
.�
&�

��
��


�
�

��
��
�	
��
��
��
�	

��
��
�	
��
��
��
��

��
�5
���
���

�
���
��
��
��
��
���
��
�


��
��
5
���
���
��
���
��	
��

��
2�
�

��
��
#�
��
�	
��
�

��
	�
��
#�
���
/�

��
��
�#
���
��
.��
�	
��
��	
��
	

�$
�
�
��
��
�#
��
�#
��
���
��
��
	

��
���
��
��
��
�/
��
��
���
��
�

��
��
���
�

�

��
67
8.

&�
��
	"
9�
��
��

��
	

���
��
��
��
��
���
��	
��

��
��
�
��

��
��

��
�


�
��
��
	

��	
��
2�
�#
��
��
��
��	
��
:#
��
�
�*
��
��
�

5
���
���

��

��
��
;.
'�
3
�4
�
��
��
��
��
��
�#
��
7.
%�
+

�<
��
��
��

��
��
��	
��

77
1
�5
���
��
��
�#
��
=>
��

�<
?�	
��
��
��
��
�	
��

	

��

��
��
�	
��
�
��
��
��
.�@

��
��

��
��
�

��
��
��
��
��
��
�
��

��
��
	


��
���
�&
	�
�	
�A
��
��
��
���
�"
��
0
��

�	
�6�
8�

	
��

/�
��
���
��
��

��
��
��
��
��
�	

��

��
��
�	
��

	
��
��
�	
�.
�&
��
�

��
��
��
��
��
��
��
��

�
	�
���

��
(
��

 
�(
��

 
�:�

��
��
��
��
��	
�

��
��
��
��
��
��
��
��
��
�	
��
��
�
��

�?
��
��
��
��
��
���
�:

��
#�
��
��
	�

��
��
��
��
��
��
	�

�
��

�



��
��

�
��
��
��
�

(
 
B
7*
��
�5
���
�#

��
	�
�


�
��

��
C
��

��
>%
��

�

�*
7
��
��
%*
7
���

�7
*7
��
��
�%
*7
7�
7>
��


��
*%
�7
7�
��
��
7*
7;
;�

�	
��
6B
(

!
�8
?�
��
��
��
��
"�
��
��
��
��	
��
�5

��
��
��
��	
��
��
��
��
�	
��

��
��

���
��
��
��
�&
3
7�
��
��
��
��
�2

��
�"
��

�#
��
	�

��
#�
��

��
��
��	

�
	�

��
��
.�
��
��
�
��
�$
�
�
���
	�
��
�	
��

�
	�

��
��
��

��
�5
��
��
��
���
��
	�
��
��
�	
��
��
#�
�	
�

1
���
"	
��
��
��
�$
	�
��
�6%
8�5
���
��
	�
�
�
��
��	
��
��
��
#�
�
�#
��
���
��
��
	

��
���
��
�.�
 

��
���
��
�	
��
�
�


�
�#
�	

��
��
�


�
��
�
��
�$
�
�
��
��	
5
��
�	
��
��2
��
#�
��
��
��	
��
	�
���

��

�
��
�
��
.�
 

��
���
��
�	
��

�
�#
�

��
��
�	

�

�
��
�
��
�$
�
�
�


�
�

��

��
�
�
	�
��
��
��
��B
1
7;
;*
�*
��
��
���
	5
��
��
�D
�#
��

�7
.�

���
���
���
�7
���
��
���
%�
���
=�
��>
���
�E
���
'�
���
F�
��G
���
7;
���
77

3
��

��
��
��
��
��
��
��
��
	5
��
��
��
���

��
��
��
��
��

�
��
�
��
��

�
	�
��
���
��

��
��
��
�2

��
��
��
��
��
�5

��
��
��
��
��
��

��
��
���

��

�
��
��
��
�

��
��
��
�B
(

!
�.
�D
��
��

��
�
	�

��
���

��
��
��
��
��
��
��	
��
��
��
��
��

��
��
��
��
��
	�

��
��
��

��
��
�

�
	�

��
���

��
��
��

��
�	
��
��

��
��
�	
��
��
���

��
�

��
�!

�"
$

&�
��
#�
	�
�	

��
��
�

��
��
��
�B
(

!
�.

�
��
���
	�
��
��
��
��
��
#�
��
��
���
��
��
��
.�

�
	�

��
��

��
6=
8�
��
��
�"
��

��
5

��
��
��
��

��
��
	


��
��
��
	�
�
�

��
�


�
	�

��
��

��

	
���
��
	�
	�
	�
��
�$
�
�
���
	�
��
�	
��

�
	�
��

��
��
��
��
�#
��
�#
��
���
��
��
	

��
���
��
���
���
��	
���
�

��
��
�

��



	�
�.

7.
��
��

��
�H
.+
.��
1
	�
��
5
��
�(
.��
3
	�
��
��
�0
.��
&�
��
�#
��
.$
.��
 
��
��
��
��
(
.�
.�:
�;
;E
?��

��
��1
�	
��

��
�

%>
E,
�%
;E
*%
;F
.

�.
&�
��
��
	�
	�
B
.��
�
��
	�
�.�
���

��
��
0
.�:
7G
GE
?�3

��
��
��
��7
=�
,�%
F%
.

%.
1
���
"	
��
�0
.(
.��
$
	�
��
��.
�:7
G'
G?
��
��
��
��
��
��
��
� 

��
�'
,�7
>7
%*
7>
�%
.

=.
��
��
���
�+
.�
.��
1
�	
5
��
�&
.�
.��
&�
��

	
5

��
��1
.!
.�:
7G
G;
?��
��
��
��
��
��
��
� 

��
.

*


�
��
� 

��
���
��
�	
��
��
��
��
��
�	

�

�
��
�
��
�$
�
�
���
	�
��

��
�
�
	�
�

�
��
��
��B

1
7;
;*
�*
��
��
��
#�
�
�#
��
���
��
��
	

��
���
��
�.
�!
��

��
�7
�

��
��
77
,�I
�

��
#�
�$
�
�
4 $
��

��
��
��
�#

��
���
��
��
���
��
��
�7
;,
�$
�
�
�

�
	�

��
��
��
�5

��
#�
��
�
��
��
��
:7
��
"�
��
��

��
?�
���
��
�%
,�

�
��
�
��
�

$
�
�
�

�	
�
��
��
��
��
B
1
7;
;*
�*
��
��
��

��
=,
� '

<�
��
��
#�
��

��
�

�
��
��
��
B
1
7;
;*
�*
��
��
��

�
�>
,
� =

��
�
��
�#

��
��
�
��

��
��
��

B
1
7;
;*
�*
��
���
��
�E
,�

��
� 
<
��
�#

��
��
��
�
��
��
��
B
1
7;
;*
�*
��
�

��
��
�'
,� �
��
 
���
�#

��
��
��
�
��
��
��B
1
7;
;*
�*
��
���
��
�F
,� $
��

��
��
�

��
#�
��

��
��
��
��
��B
1
7;
;*
�*
��
���
��
�G
,� �
��
��
��
#�
��

��
��
��
��
��

B
1
7;
;*
�*
�.

T
he

or
y 

fo
r 

N
an

op
ar

tic
le

 R
et

en
tio

n 
T

im
e 

in
 th

e 
H

el
ic

al
 C

ha
nn

el
 o

f
Q

ua
dr

up
ol

e 
M

ag
ne

tic
 F

ie
ld

-F
lo

w
 F

ra
ct

io
na

tio
n 

P.
 S

te
ph

en
 W

ill
ia

m
s, 

Fr
an

ce
sc

a 
C

ar
pi

no
, a

nd
 M

ac
ie

j Z
bo

ro
w

sk
i1

D
ep

ar
tm

en
t o

f B
io

m
ed

ic
al

 E
ng

in
ee

rin
g/

N
D

-2
0,

 C
le

ve
la

nd
 C

lin
ic

, 9
50

0 
Eu

cl
id

 A
ve

nu
e,

 C
le

ve
la

nd
, O

H
 4

41
95

, U
SA

 
E-

m
ai

l: 
w

ill
ia

s3
@

cc
f.o

rg
;c

ar
pi

no
f@

cc
f.o

rg
;z

bo
ro

w
m

@
cc

f.o
rg

Q
ua

dr
up

ol
e 

m
ag

ne
tic

 f
ie

ld
-f

lo
w

 f
ra

ct
io

na
tio

n 
(Q

M
gF

FF
) 

is
 a

n 
an

al
yt

ic
al

 a
nd

 c
ha

ra
ct

er
iz

at
io

n 
te

ch
ni

qu
e 

fo
r p

ar
tic

ul
at

e 
m

ag
ne

tic
 m

at
er

ia
ls

 [1
-4

]. 
Th

e 
m

ag
ne

tic
 n

an
op

ar
tic

le
s 

us
ed

 fo
r c

el
l l

ab
el

in
g 

an
d 

fo
r t

ar
ge

te
d 

dr
ug

 th
er

ap
y 

te
nd

 to
 b

e 
co

m
po

si
te

 m
at

er
ia

ls
 c

on
si

st
in

g 
of

 a
 m

ag
ne

tic
 c

or
e 

w
ith

 b
io

co
m

pa
tib

le
 

co
at

in
gs

 c
ar

ry
in

g 
an

tib
od

ie
s 

or
 th

er
ap

eu
tic

 d
ru

gs
. T

he
 c

oa
tin

gs
 s

ta
bi

liz
e 

th
e 

m
at

er
ia

ls
 in

 s
us

pe
ns

io
n 

an
d 

al
so

 re
du

ce
 th

e 
m

ag
ne

tic
 d

ip
ol

e-
di

po
le

 in
te

ra
ct

io
ns

 b
et

w
ee

n 
th

e 
pa

rti
cl

es
 in

 a
 m

ag
ne

tic
 fi

el
d.

  

Th
e 

FF
F 

te
ch

ni
qu

es
 a

re
 s

im
ila

r 
to

 c
hr

om
at

og
ra

ph
y 

in
 th

at
 d

iff
er

en
t c

om
po

ne
nt

s 
of

 a
 s

m
al

l s
am

pl
e 

el
ut

e 
fr

om
 a

 s
ep

ar
at

io
n 

ch
an

ne
l 

at
 d

iff
er

en
t 

tim
es

. 
C

hr
om

at
og

ra
ph

y 
ex

pl
oi

ts
 d

iff
er

en
ce

s 
in

 p
ar

tit
io

n 
be

tw
ee

n 
th

e 
m

ob
ile

 a
nd

 s
ta

tio
na

ry
 p

ha
se

s 
to

 s
ep

ar
at

e 
sa

m
pl

e 
co

m
po

ne
nt

s 
as

 t
he

y 
ar

e 
ca

rr
ie

d 
al

on
g 

a 
co

lu
m

n,
 b

ut
 F

FF
 s

ep
ar

at
io

n 
is

 a
ch

ie
ve

d 
w

ith
in

 th
e 

flo
w

in
g 

m
ob

ile
 p

ha
se

 a
nd

 d
oe

s 
no

t u
til

iz
e 

a 
st

at
io

na
ry

 
ph

as
e.

 Q
ua

dr
up

ol
e 

m
ag

ne
tic

 f
ie

ld
-f

lo
w

 f
ra

ct
io

na
tio

n 
us

es
 a

 t
hi

n 
he

lic
al

 c
ha

nn
el

 m
ou

nt
ed

 i
n 

a 
ra

di
al

ly
 

sy
m

m
et

ric
 fi

el
d 

gr
ad

ie
nt

. M
ag

ne
tiz

at
io

n 
of

 th
e 

pa
rti

cu
la

te
 sa

m
pl

e 
is

 in
du

ce
d 

by
 th

e 
ap

pl
ie

d 
m

ag
ne

tic
 fi

el
d 

an
d 

th
e 

pa
rti

cl
es

 a
re

 d
riv

en
 to

w
ar

d 
th

e 
ou

te
r c

ha
nn

el
 w

al
l b

y 
th

ei
r i

nt
er

ac
tio

n 
w

ith
 th

e 
fie

ld
 g

ra
di

en
t. 

D
ue

 
to

 v
is

co
us

 d
ra

g,
 th

e 
m

ob
ile

 p
ha

se
 v

el
oc

ity
 p

ro
fil

e 
ac

ro
ss

 th
e 

ch
an

ne
l t

hi
ck

ne
ss

 is
 c

lo
se

 to
 p

ar
ab

ol
ic

, w
ith

 
hi

gh
es

t f
lu

id
 v

el
oc

ity
 n

ea
r 

th
e 

ch
an

ne
l c

en
te

r 
an

d 
ze

ro
 v

el
oc

ity
 a

t t
he

 w
al

ls
. F

or
 p

ar
tic

le
s 

sm
al

le
r 

th
an

 
ab

ou
t a

 m
ic

ro
n 

in
 d

ia
m

et
er

, a
n 

ex
po

ne
nt

ia
l c

on
ce

nt
ra

tio
n 

pr
of

ile
 r

es
ul

ts
 f

ro
m

 th
e 

op
po

si
ng

 in
flu

en
ce

 o
f 

th
e 

fie
ld

-d
riv

en
 a

nd
 d

iff
us

iv
e 

tra
ns

po
rt 

m
ec

ha
ni

sm
s. 

Pa
rti

cl
es

 th
at

 in
te

ra
ct

 s
tro

ng
ly

 w
ith

 th
e 

fie
ld

 g
ra

di
en

t 
fo

rm
 th

in
 z

on
es

 a
dj

ac
en

t t
o 

th
e 

w
al

l, 
an

d 
ar

e 
co

nf
in

ed
 to

 th
e 

ve
ry

 s
lo

w
 m

ov
in

g 
flu

id
 c

lo
se

 to
 th

e 
w

al
l. 

Pa
rti

cl
es

 th
at

 in
te

ra
ct

 le
ss

 st
ro

ng
ly

 w
ith

 th
e 

fie
ld

 g
ra

di
en

t f
or

m
 m

or
e 

di
ff

us
e 

zo
ne

s, 
an

d 
th

ey
 sa

m
pl

e 
fa

st
er

 
flu

id
 s

tre
am

lin
es

 i
n 

ad
di

tio
n 

to
 t

ho
se

 c
lo

se
 t

o 
th

e 
w

al
l. 

A
 s

ep
ar

at
io

n 
be

tw
ee

n 
th

e 
pa

rti
cl

es
 i

s 
th

er
eb

y 
in

du
ce

d 
as

 th
ey

 a
re

 c
ar

rie
d 

al
on

g 
th

e 
ch

an
ne

l. 
 

Th
e 

flu
id

 v
el

oc
ity

 p
ro

fil
e 

in
 th

e 
th

in
 h

el
ic

al
 c

ha
nn

el
 d

ev
ia

te
s 

fr
om

 th
e 

pa
ra

bo
lic

 p
ro

fil
e 

fo
un

d 
in

 a
 

pa
ra

lle
l p

la
te

 c
ha

nn
el

. A
pp

ro
xi

m
at

e 
eq

ua
tio

ns
 d

es
cr

ib
in

g 
th

e 
flu

id
 v

el
oc

ity
 p

ro
fil

e 
in

 th
e 

he
lic

al
 c

ha
nn

el
 

w
ill

 b
e 

pr
es

en
te

d 
to

ge
th

er
 w

ith
 d

er
iv

ed
 e

qu
at

io
ns

 fo
r t

he
 s

o-
ca

lle
d 

re
te

nt
io

n 
ra

tio
. T

hi
s 

is
 th

e 
ra

tio
 o

f t
he

 
m

ea
n 

flu
id

 r
es

id
en

ce
 t

im
e 

in
 t

he
 c

ha
nn

el
 t

o 
th

e 
el

ut
io

n 
tim

e 
of

 a
 r

et
ai

ne
d 

m
at

er
ia

l. 
Th

e 
qu

an
tit

at
iv

e 
th

eo
re

tic
al

 fo
un

da
tio

n 
of

 F
FF

 a
llo

w
s 

th
e 

de
te

rm
in

at
io

n 
of

 th
e 

st
re

ng
th

 o
f i

nt
er

ac
tio

n 
of

 p
ar

tic
le

s 
w

ith
 th

e 
fie

ld
 g

ra
di

en
t a

s a
 fu

nc
tio

n 
of

 th
ei

r e
lu

tio
n 

tim
e.

  

R
ef

er
en

ce
s 

1.
Th

e 
po

te
nt

ia
l 

of
 

qu
ad

ru
po

le
 

m
ag

ne
tic

 
fie

ld
-f

lo
w

 
fr

ac
tio

na
tio

n 
fo

r 
de

te
rm

in
in

g 
pa

rti
cl

e 
m

ag
ne

tiz
at

io
n 

di
st

rib
ut

io
ns

, 
P.

 S
. 

W
ill

ia
m

s, 
L.

 R
. 

M
oo

re
, 

J. 
J. 

C
ha

lm
er

s, 
an

d 
M

. 
Zb

or
ow

sk
i, 

Eu
r. 

C
el

ls 
an

d 
M

at
er

ia
ls

,
3(

Su
pp

le
m

en
t 2

), 
20

3-
20

5 
(2

00
2)

. 
2.

A
na

ly
si

s 
of

 m
ag

ne
tic

 n
an

op
ar

tic
le

s 
us

in
g 

qu
ad

ru
po

le
 m

ag
ne

tic
 f

ie
ld

-f
lo

w
 f

ra
ct

io
na

tio
n,

 F
. 

C
ar

pi
no

, 
L.

 R
. 

M
oo

re
, M

. Z
bo

ro
w

sk
i, 

J. 
J. 

C
ha

lm
er

s, 
an

d 
P.

 S
. W

ill
ia

m
s, 

J.
 M

ag
n.

 M
ag

n.
 M

at
er

.,
23

9,
 5

46
-5

52
 (2

00
5)

. 
3.

Q
ua

dr
up

ol
e 

m
ag

ne
tic

 f
ie

ld
-f

lo
w

 f
ra

ct
io

na
tio

n 
fo

r 
th

e 
an

al
ys

is
 o

f 
m

ag
ne

tic
 n

an
op

ar
tic

le
s, 

F.
 C

ar
pi

no
, 

L.
 R

. 
M

oo
re

, J
. J

. C
ha

lm
er

s, 
M

. Z
bo

ro
w

sk
i, 

an
d 

P.
 S

. W
ill

ia
m

s, 
J.

 P
hy

si
cs

: C
on

f. 
Se

ri
es

,1
7,

 1
74

-1
80

 (2
00

5)
. 

4.
Q

ua
dr

up
ol

e 
m

ag
ne

tic
 f

ie
ld

-f
lo

w
 f

ra
ct

io
na

tio
n:

 A
 n

ov
el

 t
ec

hn
iq

ue
 f

or
 t

he
 c

ha
ra

ct
er

iz
at

io
n 

of
 m

ag
ne

tic
 

na
no

pa
rti

cl
es

, F
. C

ar
pi

no
, M

. Z
bo

ro
w

sk
i, 

an
d 

P.
 S

. W
ill

ia
m

s, 
J.

 M
ag

n.
 M

ag
n.

 M
at

er
., 

31
1,

 3
83

-3
87

 (2
00

7)
. 

#
4

0
#

3
9



R
es

ea
rc

h 
on

 r
el

at
io

ns
hi

p 
be

tw
ee

n 
su

rf
ac

e 
st

ru
ct

ur
e 

an
d 

m
or

ph
ol

og
y 

of
 F

e 3
O

4/S
ili

ca
 c

om
po

si
te

 n
an

os
ph

er
es

 a
nd

 n
uc

le
ic

 a
ci

d 
ex

tr
ac

tio
n 

W
en

 Z
en

g,
 H

on
g 

X
u*

, Y
on

gz
he

 Y
an

g,
 H

on
gc

he
n 

G
u*

 
M

ed
-X

 In
st

itu
te

, S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

, S
ha

ng
ha

i 2
00

03
0,

 C
hi

na
. E

-m
ai

l: 
xu

ho
ng

@
sj

tu
.e

du
.c

n,
 P

ho
ne

: +
86

-2
1-

34
20

68
77

, F
ax

: +
86

-2
1-

34
20

69
89

 

Fe
3O

4/S
ili

ca
 c

om
po

si
te

 n
an

os
ph

er
es

 a
re

 w
id

el
y 

us
ed

 i
n 

nu
cl

ei
c 

ac
id

 e
xt

ra
ct

io
n 

du
e 

to
 t

he
 

ad
so

rb
in

g 
ef

fe
ct

 b
et

w
ee

n 
si

lic
a 

an
d 

nu
cl

ei
c 

ac
id

 in
 s

pe
ci

fic
 s

ol
ve

nt
. C

ur
re

nt
ly

, t
he

 s
yn

th
es

is
 o

f 
Fe

3O
4/S

ili
ca

 c
om

po
si

te
 n

an
os

ph
er

es
 w

ith
 d

iff
er

en
t 

su
rf

ac
e 

st
ru

ct
ur

e 
an

d 
m

or
ph

ol
og

y 
an

d 
th

e 
ad

so
rb

in
g 

ef
fe

ct
 b

et
w

ee
n 

si
lic

a 
an

d 
nu

cl
ei

c 
ac

id
 a

re
 re

sp
ec

tiv
el

y 
w

id
el

y 
in

ve
st

ig
at

ed
. T

o 
en

ha
nc

e 
nu

cl
ei

c 
ac

id
 e

xt
ra

ct
io

n 
ef

fic
ie

nc
y,

 it
’s

 n
ec

es
sa

ry
 to

 in
ve

st
ig

at
e 

th
e 

ef
fe

ct
 o

f 
su

rf
ac

e 
st

ru
ct

ur
e 

an
d 

m
or

ph
ol

og
y 

of
 F

e 3
O

4/S
ili

ca
 c

om
po

si
te

 n
an

os
ph

er
es

 o
n 

nu
cl

ei
c 

ac
id

 e
xt

ra
ct

io
n.

 
In

 t
hi

s 
pa

pe
r, 

w
e 

fo
cu

se
d 

on
 t

he
 s

yn
th

es
is

 o
f 

Fe
3O

4/S
ili

ca
 c

om
po

si
te

 n
an

os
ph

er
es

 w
ith

 
di

ffe
re

nt
 s

ur
fa

ce
 s

tru
ct

ur
e 

an
d 

m
or

ph
ol

og
y 

vi
a 

m
od

ifi
ed

 S
tö

be
r m

et
ho

ds
, a

nd
 c

om
pa

re
d 

th
e 

ef
fe

ct
 

of
 d

iff
er

en
t s

ur
fa

ce
 s

tru
ct

ur
e 

an
d 

m
or

ph
ol

og
y 

of
 F

e 3
O

4/S
ili

ca
 c

om
po

si
te

 n
an

os
ph

er
es

 o
n 

nu
cl

ei
c 

ac
id

 e
xt

ra
ct

io
n.

 W
e 

fir
st

ly
 p

re
pa

re
d 

sp
he

re
-li

ke
 m

ag
ne

tit
e 

na
no

pa
rti

cl
e 

ag
gr

eg
at

io
ns

 w
ith

 a
 ty

pi
ca

l 
hy

dr
od

yn
am

ic
 s

iz
e 

~1
50

nm
 [1

] , t
he

se
 a

gg
re

ga
tio

ns
 w

er
e 

us
ed

 a
s 

co
re

 o
f 

Fe
3O

4/S
ili

ca
 c

om
po

si
te

 
na

no
sp

he
re

s. 
Se

co
nd

ly
, t

he
 c

or
e-

sh
el

l 
Fe

3O
4/S

ili
ca

 c
om

po
si

te
 n

an
os

ph
er

es
 w

er
e 

sy
nt

he
si

ze
d 

vi
a 

m
od

ifi
ed

 S
tö

be
r 

m
et

ho
ds

 [
2]

. 
Th

e 
su

rf
ac

e 
st

ru
ct

ur
e 

an
d 

m
or

ph
ol

og
y 

of
 F

e 3
O

4/S
ili

ca
 c

om
po

si
te

 
na

no
sp

he
re

s 
su

ch
 a

s 
si

ze
, 

th
ic

kn
es

s 
of

 s
ili

ca
 s

he
ll,

 s
ur

fa
ce

 a
re

a,
 p

or
e 

vo
lu

m
e,

 p
or

e 
di

am
et

er
 

di
st

rib
ut

io
n 

an
d 

th
e 

si
la

no
l 

gr
ou

p 
de

ns
ity

 o
n 

th
e 

su
rf

ac
e 

co
ul

d 
be

 c
on

tro
lle

d 
by

 a
dj

us
tin

g 
th

e 
re

ac
tio

n 
co

nd
iti

on
s 

su
ch

 a
s 

ca
ta

ly
zi

ng
 c

on
di

tio
n,

 t
et

ra
et

hy
l 

or
th

os
ili

ca
te

 (
TE

O
S)

 c
on

ce
nt

ra
tio

n,
 

re
ac

tio
n 

te
m

pe
ra

tu
re

, 
m

et
hy

ltr
im

et
ho

xy
si

la
ne

 (
M

TM
S)

/T
EO

S 
m

ol
ar

 r
at

io
 a

nd
 a

gi
ng

 s
ol

ve
nt

. 
Fi

na
lly

, t
he

 s
yn

th
es

iz
ed

 F
e 3

O
4/S

ili
ca

 c
om

po
si

te
 n

an
os

ph
er

es
 w

ith
 d

iff
er

en
t s

ur
fa

ce
 s

tru
ct

ur
e 

an
d 

m
or

ph
ol

og
y 

w
er

e 
us

ed
 to

 e
xt

ra
ct

 h
er

rin
g 

sp
er

m
 D

N
A

, s
al

m
on

 sp
er

m
 D

N
A

 a
nd

 ¹
 D

N
A

, t
he

 re
la

te
d 

ef
fe

ct
s o

f s
ur

fa
ce

 st
ru

ct
ur

e 
an

d 
m

or
ph

ol
og

y 
on

 D
N

A
 e

xt
ra

ct
io

n 
w

er
e 

in
ve

st
ig

at
ed

. 
 

Th
e 

Fe
3O

4/s
ili

ca
 c

om
po

si
te

 n
an

os
ph

er
es

 w
er

e 
ch

ar
ac

te
riz

ed
 b

y 
H

PP
S,

 T
EM

, N
2 

A
ds

or
pt

io
n 

an
d 

TG
A

. 
Th

e 
ex

tra
ct

ed
 D

N
A

 w
as

 c
ha

ra
ct

er
iz

ed
 b

y 
N

an
od

ro
p.

 I
t 

w
as

 l
ea

rn
ed

 t
ha

t 
w

he
n 

th
e 

de
ns

ity
 o

f 
th

e 
si

la
no

l g
ro

up
 is

 in
 a

 c
er

ta
in

 n
um

be
r, 

th
e 

sa
m

pl
e 

w
ith

 a
 s

ur
fa

ce
 a

re
a 

of
 6

0.
37

m
2 /g

ex
tra

ct
s 

D
N

A
 m

os
t e

ffe
ct

iv
el

y.
 W

he
n 

th
e 

su
rf

ac
e 

ar
ea

 w
as

 in
 a

 c
er

ta
in

 n
um

be
r, 

th
e 

m
or

e 
si

la
no

l 
gr

ou
ps

, 
th

e 
m

or
e 

D
N

A
 

w
as

 
ex

tra
ct

ed
, 

th
e 

re
su

lts
 

w
er

e 
sh

ow
n 

in
 

Fi
gu

re
 

1 
an

d 
Fi

gu
re

 

  
  

  
  

  
  

Fi
gu

re
 1

 E
ffe

ct
 o

f s
ur

fa
ce

 a
re

a 
on

 D
N

A
 e

xt
ra

ct
io

n 
  

  
  

  
Fi

gu
re

 2
 E

ffe
ct

 o
f S

i-O
H

 d
en

si
ty

 o
n 

D
N

A
 e

xt
ra

ct
io

n 

A
ck

no
w

le
dg

em
en

ts
: T

hi
s w

or
k 

w
as

 su
pp

or
te

d 
by

 H
i-t

ec
h 

R
es

ea
rc

h 
an

d 
D

ev
el

op
m

en
t P

ro
gr

am
 o

f 
C

hi
na

  
(P

ro
je

ct
 2

00
6A

A
03

Z3
59

1)
an

d 
sh

an
gh

ai
 n

an
o 

pr
oj

ec
t (

06
52

nm
01

2)
 

R
ef

er
en

ce
:

[1
] 

H
on

g 
X

u,
 N

ai
hu

 T
on

g,
 L

on
gl

an
 C

ui
, 

Y
in

g 
Lu

, 
H

on
gc

he
n 

G
u,

 J
ou

rn
al

 o
f 

M
ag

ne
tis

m
 a

nd
 

M
ag

ne
tic

 M
at

er
ia

ls
 3

11
 (2

00
7)

 1
25

–1
30

 
[2

] W
. S

tö
be

r, 
A

. F
in

k,
 J.

 C
ol

lo
id

 In
te

rf
ac

e 
Sc

i. 
26

 (1
96

8)
 6

2 

C
or

re
sp

on
di

ng
 a

ut
ho

r 
: x

uh
on

g@
sj

tu
.e

du
.c

n,
hc

gu
@

sj
tu

.e
du

.c
n

#
4

2
#

4
1



&
$�
0�

��
$�
��
��

��
�0
��
���

��
��
$�
��
$�
��
��
%��
���
��
%
�$
5��
1,
��

���
��
$#
��
��

��
2�
��
%
��3

� $�
%
���
��

�%
!
�$
#�
4�
���

�

�
� &
��
�$
�!
��
���
#��

��
��
��
��
���
�0
��
��
$�
�0
$�C
��
2�
$%
��3

��
#�%
�5
�$
��
$��
�!

��
��
�$

�%
�
$��
��
��
�$

�6
:7

�-
7
/�

��
�$
$�
%�
��
��
�0

��
,�
��
$�

��
��
!
�$
#�
4�
�;
,�
�5
�$
��
��
�$

�8
5<
/=
5+
9-
5:
<8
8�

�
*

�	
��

���
��

��
��

�

	�

��
��

��
��

��
��

��

�

��
��

�

�	

��
��

��
�


��
��

��
��

��
��

��
��

�
�
��

��
��

��
��

��
��

��
��

��
��

��
��

�
�


��
��

��
��

��
��


�
��

��
�


��
��

	�
��

��
�


��

�

��
�

��
�!�

��
�>

��

�

��
��

��
��

��
��

�
��


��
��

��
��

���
��

���

	

��
���

��

��

��
��

��
��

��
��

��

�

���
��

��
��

��
�	

��
��

���
��

��
��

��
�


���
��

�
�
�!�

!��
��

��
�

��
��


�
��

�

��

��
���

��
��

�

��

�
�!

���
��

�	
��

���
���

��
��

��
��

��
��

��
��

��
��

��
��

��

��

��
��

��
���

��
���


	
��

�
��

��
��

��
��

��
��


�
��

��
�	

��
��

��
��

��
�

��
��

��
��

�

��

��
��

��
��

��
��

!�
�>

��
��

��
��

��
��

�$
��

�
��

��
��

�	
��


�
��

��
��

��
��

���
��

�
�	

��
���

��
��

��
��

��
��

��
�


��
�

��
�


�	
��

��
��


��
��

��
��

�
�

�

��

��
��


��
��

��
��

���
��

��
�
�

��$
��

��
��

��

�

��
��

��
��

��
��

��
��

��
���

���
$�

��
!�

�
��

��
��


�
��

��
��

��
��

��
��

��
��

�
�

�

��

��
�

�	
��

���
��

�

���

��
�
�

�!
	!

��
��

��
��

��
��

��
�
�

��

�


�
��

��
��

��
��

��
�	

��
���

��
�


���
��

��
��

���
��

��

�

��
��

�

��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
�


��
�

��
���

��
���

�

��

�

�!

���

�

��
��

��
��

��
��

��
��

��
��

��
�

��
��

��
���

��
�


�	
���


�
��

��
��

�

���

��
��

��
��

��

��

��
��

�	
	


�	
��

��
��

�

��

��
��

��
��

�

��

��

�

��

��

��
��


�
��

��
��

��
��

���
��

��

�

��
�!�

�>
��

��
��


�
��

��
��

��
�


�	
�

��

�

��
��

��
��


��
��

��
�

��
���

��

��

��
��


�
	�

��
��

���
��

��
��

���
��

��
�


���
��

��
��

��
�	

	

�	

��
��

��
��

�	
���

��
��


�
��$

��
��

��
��


�
��

��
��

���
��

�
��

��
���

��

��

��
���

��
��

��
�!

���
���

��
	�

���
��

��
��

��
��

�

���

��
��

�
���

�
��

��
��

��
��

��
��

���
��

�
��

��
���

��

�

��
��

�

��

��
��

�

��

�
�
��


	
�


��
�


���
��

��
��

��
��


��
��

��
�	

	

�	

��
��

�
�

���
�


��
��

��
��

��
��

��
��

�

��

��
!�

��
��

�

��

��
��

���

�

��
��

�
��

��
��

��
��

�

���

��
��

��
��

��
��

�
�
��$

��
��

��
��


�
��

��
��

��
�


��
��

���
$�

��
��

��
��

��
�	

��
���

���
��

��
��

��
��

�

��

��
��

��

�

�

���

��
��

�

�

��
��

��
��

�

�	

�
��

��
���

��
��

��
��

��

��

��
��


�
��

��
��

��
�!�

��
��

��
��

���
��

��
��

��
�

��
��

��
��

��
	�

��
��

�	
��

���
��

�

���

��
��

��
��

��
��


�
��$

��
��

��
��


�
��

��
��

��
��

��
��


�
��

��
��


�
�


���
��

�

��


�
��

��
�


��
��


��
���

��
�!

�
Z

�

��

��
���

$�
��

��
�

�

��

��
��

���
��

�


��

���
��

��
��

���
��

��
��

��
��

��
��

��
��

��
��

��
��

�

��

��
��


�
��

�
��

���
��

��
�
�

�	
��

��
��

��
��

��
��

��
��

��
��

��
��

���
���

$�
��

��

�

��

��

��
!��
�

��
��

�	
��

��
��

��

�

��
�


�\
��

��
��

��
��

��
��

�$
��

��
��

��
��

��
��

��
��

	�
��


�
��

�
��

�

!�

�>
��

��
�


���
��

��
��

��
��

�

��

|�
�

�
��

��
�

��
�


�
��

��
��

�

��

��
�

�	
��

���
��

�

���

��
�!�

�&
��

��
��

���
��

��
��

�

���

��
��

�\
�


��
��

��

�

	�
��

��
���

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

�

���

��
��

�
�

�

��

��

��

!�
!��

��
��

�

���

��
��

��
��

��
��

�	
��


��
��

��
��

��
�

�
��

��

�

��
��

��
	�

��
��

���
�

��

��

��
�	

���
��

��
$�

�!
�

�
��


��
��

��
��

�

��

��
��

��
��

���
��

���
��


�
��

��
��

���
��

��$
��

��
��

��
��

�
�	

��
���

��
��

��
��

��
���

�!
�

>�
��


�
��

���
�	

��
�


���
��

��
��

��
��

�
��

��
��

�

��

��
��

��

�

��
�

��

�

��
��

�

��

��
��

�

���

��
��


��
��

��

��

��
��

��

�

��
��

��

��

��
��

��

�

��
��

�	
��

��
��

!��
>�

��
�


�	
��

��
���

��
��

��
��

�

��

��
��

��
��

�

�

��
��

��

��

�
��

��

�

��
��

��
��

��
��

��
��

��
��

��
�

�	
��

���
��

��
��


�
	�

��

�

��
��

�

��

��
��

��
�


��
��

�
�
��

��
�


��
�
�

��
�

���
��

�
�
��

��
��

�!
�	

�

��

&!
��

>�
��

��
��

��
��


��
��

��
��

��
��

��
��

��
���

��
��

��
��

��
��


�
��

��
��

��
��

��
��

���
��

��
��

��
��

��
��

��
���


	
��

��
��


�
	�

��
���

�

��

��
���

��
��


�
��

���

�

��
��

!�
�

�
!�

	�

�

�&
���
!�

��
��

�

���

�

��

��
�


�
��

��
	�

�

�	

��
��

���
��

��
��

��
���

��
��


�
��$

��
��

��
��


�
��

�!
�

#
4

4
#

4
3



�
:

/
?

�
@

!
K?

#
�?

O
�:

?
Q

?
�

�
V

$
K�

K#
�?

#
!

?
�


�
Z

#
�

!
K�

�#
�

#
?

@
�

�
!

K�
[

�
/

�
O

?
�

�:
�

V
Z

�!
�

�
Z

�
!

K#
Z

�
�

$
\�

�
��

��
[

"�

"�O

"��
��

��

]

�' (�^
�


��
�[

"�/

�%

�) (�_
��


�
��

�O
"��

��
%�

��
�) (�!

��
��

��
�

��
��

�O
"�

@
��

	�
�) (��

��
��

�
��

Z
"�?

�
%
�


��
+ (��

"�/
`�

��
	�

��
!

"��
��

�
�


	�
) (��

�	
��

�/
"��

��
�


]�
8 "�

& �
��

��

�

��
��

��
!�

��

�

���
��
�

��
��


�
��

��
��

��
�


��

�'

��
�


��
�

��
��

��
��

*
��

��
��

�

�"


�
\�

��
} �

��
��


�
��

��
��
!�

��

�

���
��
�

��
��


�
��

��
��

��
�


��

�'

��
�


��
�

��
��

��
��
!�


�
:�

��

�+

�

�


��
;


��
��

��
��

��
��

��
�'

��
��


�
��

��+
�
�&

'
�
�
"


�
\�

��
` �

��
��


�
��

��
��

��
��

��
��

��
��

���
��

�<=
���

��
��

*
��

$�
���

�!
���

�

�!

��
��

��
��

��
��

#
�½

��
��

��!
�


�
��

½�
���

��
��

��
�


�

�

$�
�


�

�'

��
�


��
�

��
��

��
��

!:

�

��
��

��
�*

��
��

��
��

��
��

| �
��

��

�

��
��

��
!�

��

�

���
��
�

��
��


�
��

��
��

��
�


��

�'

��
�


��
�

��
��

��
��
!>

��
��

�>
�;


��
��

��
��
��


��
��

��
�
�
"


�
\�

��
��

�
��

���

�




�


��
��

\�
�


��
��

���
��

��
��

�!
��

�
!



�
� *

�	
��

���
��

�

	�

���
	�

��
��

�

��
	�

��
��

��
�	

��
��

��
��

��
�

��
��

��
��

��
��

��
��

���
�


��
��

��

�

	�

�

��
�

�

��
�	

��

�

��
���

�

��

��
��

��
��

�

	�

��
��

��
��


�
��

���
�


��
��

��
��

���
��

��

�

��
��

��
��


�
���

��
��

�
��

��
�


�	
���

���
��

��

	

��
�
�

	�
��

!�&
��

��
��

��
���

��
��

��
��

��
��

	�
�
�

���
���

��
�


��
��

��
	�

��

�

��
	�

���

�

��
�


��
��

	�
��

��
��

�

�

��
��

�	
��

��
�


��
��

��
��

��
��


�
	�

��
���

��
��

��
��


�
��

��
��

��
��

��
��

��
��

���
��

��

��


�
	�

!��
� *

�	
��

���
��

��
��

�

���

��
��

��
��

�

��

��
��


	
��

��
��

��
��

��

�

��
��

��
��

�	
�!

�>
��

��
��

�

���

��
��

�

��

��
�
�

��
��

�

��

��
�

�	
��

���
��

��
��

�	

�

��
��

�
�
��

��
�


�	
��

�

��
��

��
���

��
��

��
�


��
�


��
��

���
���

��

�

���
��

��
��

��
��

��

�

��
��

��
��

���
��

���
��

��
��

��
��
��

��
��

��
��

��
��

�	
��

���
���

��
��

��
���

��
��

��

�

��
�


��
!�

'
��

�

�


��
��

��
'

��
��

���
��
�


��
��

��
	�

��
���

��
��

�

��


�
	�

��
��
�


��
��

��
��

��
��

��
��

���
��


�
��

��
�
��

��
��

��
��

��
��

�

��

��
��

��
��

��
��

	�
��


�
��

��
��

��
��

��
��

��
�


��
��

��
��

���
!�

%
��

��
��

�
��
��

�

��

���
��

�

��
��

	�
��

�!
��

��
�'

��
��
!�

	!
&�

���
��

��
��

��
��

��
�	

��
���

��
��

��
�


��
��

��
��

!�>
��

�
	�

��
�

��
�

��
���

�
�


��
�

��
�

��
�

��
��

��
��

�
��

��
��

��

�

���
��

��
�

��
��


�

�

��
��

��
�

�
�	

��
���

��
��

��
��


��
��

��

��

���
��

��
��

���
��

��

�

��
��

}`
?�

�
!��

� >�
��

�
�	

��
���

��
�


���
��

��
�

�

��
�


��
�


��
�


��
��

��
�


��
��

���
���

��
�

��
��

��
��

���
��
�


��
��

��
��

���
��

�
�Z

�
!��

�
��

�$
��

��
��

��
��

���
��

��
�'

��
�


�

��

��
��

��
��

��
��

���
���

��
�

�	
��

���
��

��
��

��
���

�!
�>

��
�

��
��

��
���

��
��

�

��

��
�



��
	�

��

�

��

�

��
�

��
��

��
��

��
��

��
�


��
��

��
�	

��
���

��
��


��
��

��
��

�

��

��
��

�
��

���
��

��
���

��
��

��
��

���
��
�


��
��

��
��

���
�&

??
��

>�
�

�	
��

���
��

��
��

!�>
��

��
��

��
��

��
��

���
��

'
<

�
��

��
�

��

��
��

��
��

�	
��

���
��

�
��

��
��

��
�

Z
��

��
�


��
��
��

��

�
��

��
��

��

��

��
��

��
��

��
���

��
�

��
��


�
��

��
�!�

�
� %

��
��

��
��

��
��

��
��

��
}&

K
��

��
��

��
��

��

�

�

��
��

��
���

��
��

��
��

���
��

�
��

��
��

�


�

��
��

��
���

��
�

�	
��

���
��

��
��

�

���

��
�!�
&�

��
��

���
��


��
�


�
�
��

���
��

�	
	�

��
���

��
��

��
�


���
��

��
���

�
�
��

�

��

��
�	

�
��

��
��

�

��

��

�

��
��

��
��

���
��

�

��

��
��

��
��

��
��

���
��

�

���

��
�!�

��%
��

��
���

��
��

��
���


��
��

��
�

��

��
�

��
��

��
��


�\
��

��
�


���
��

��

�

��
��

��
�

��

��
��

��
�'

��
���

��
�	

��
���

��
��

��
��

��
��

��
��

�	
��

��
���


	
�


�
�

�	
��

���
�
�

��
��

��
��

��
��

�
��

��

��

�

���

��
��

�\
��

��
��

��
��


�
��

��
��

��
��

�

��

���

�

��
��

��
��

!��
�

�
!�

	!
&!

�#
��

�
��

��
���


�
��

�

��

��
��

��
�


�

��

��
��

��
��

��
��

���
���


�
��

��
�
��

��
��

��
�!

�

�
��
�,
��
���
��
�#

�&
��
��
��

��
��
$�
��
��
�%

���
��
�0
��
���

�&
$,
0�
6
�$
0�
���
0�

�
?�

��
��
$�
00

��
$�*
��
$�
��
�
,$
��
3�
��
��
%
��
���

�$
��
��
0�
,�

�
��

�
*

�#
��

��


�

%
��

�

��


�
�&�

��
���

��
��

��>
��

��
��

�	
�


�%
��

�

��


�

�&


�
��

��
�

�
>�

��
�

�	
��

���
���


	
��

��
��


�
	�

��
���

�

��

��
��

��
��

���
��

��
�
�

��
��


��
��

��
���

�

��&

�
�
�

��
��

�
��

��
��
��

|?
_�

��
���

��
��

��
���




��

�	
��

���
��

��
�


��
���

��
��


��
���


��
��

��
�	

��
���

��

�

	�
��




��


�
��


��
��

��

��

���
��

��
��


�
�!

��
		

��
�

�

��

��
��

��
���

��
��


��
��

��
���

��
��

�
��

��
��

��
�


���
���

��
���

��
��

��
��

��
��


�
���

��
��

��
��

��
���

�	
��

���
���

��
��

��
���

��

�

��
��

��
��

��
�

��
��

��
��

��

��

��
��

���
���

��
��

��
!�

>�
��

��
��

��
���

��

�

��
��

��
��

�

��

��
��

��
��

��
��


�
��

��
��

��
��

�*
��

��
��

��
��

���
�!�

�}
���

��
�


���
�

�
�

�	
��

���
���

��
��

!��
�

"
�


�

���


��
�	

��

��

�	
��

���
���

��
��


��
��

��
��

��
���

���
��

��
�	

��
���

���
��


�
��

��
��

��
��

��
��

��
��

��

��

��
��

���
��

��
��

��
��

��
��

��
	�

��

�

��

�

��
��

��

��

��
��

��
��

��

��

��
��

�
�
��

��
	!

�>
��

�
��

��
��

��
��

��
��

�

��

��

�

�

�

��
��

���
���

��
��

��
���

�

��

���
���

�

��

<
��

�!
<

�
*

!�>
��

���
��

��
�

��

�

�

�

��
��

���
��

��
��

��
��

��
���


�
���

��
��


�
��


�
��

���
��

��
��

�&
�!�
&�

���
��

��
�

��
��

��
��

�
�	

	�
��

�

��

��
��

��
���

��
���

��
��

�

���

��
��

	�
��

���

	

�

��

��
��


�
��


�
��

���
��

��
�!
�

�
��

��
0,
$�

�8
��

�
�

�
�

��
0,
$�

�8
5�

�
�

��
0,
$�

�-
��

�
���

�
��

��
0,
$�

�-
5�

!�
	�


�
��&

��
��

��
&�

��

�

���
��

��
��

��
��

���
��

�<
��

�!
<

�
*

��

�

	

��

��
��

���
��

���
��

��

��

��
��

�
��

��
��

�

���

���
��

���
��

��
��

��
��


�
��

��
��

!�!
�	

�

��

�}
��

��
��

}�
���

��
���

��
��

��
��

��
���

��
��

��
��

��
��

��

�

��
��

�!
�&


��
��@

?�
��

��
�


���
��

�
�
��

��
���

�

���

��
�

�	
��

���
��

�


��


��
�


���
��

���
��

��
��

|?
_�

�&
??

?�
��

���
��

�
�
��

��
���

���
��

���
��

���




��
�	

��
���

��
��

�

��

��
���

��
��

��
��


�
��

��
��


��
�	

��
�

�	
��

���
���

��
�!

�
� �&

��*
!�<

!��
��

��
�
�

�
!�'

!��
��

�


�<

!��
!��

���
�



�!
�



�
�

�	
��

���
���

��
��

	�
��


��
��

��
�	

��
���

�
��


	
��

��
	�

��
��


�
	�

��
��

�
�
��

��
��

��
��

��
��

���
�


��
��

��

�<

!�*
�	

��
*

�	
��

�*
��

�

!�`

&?
��}

??
~�

�&
`&

�
&|

|!
�

�}
��#

!�*
��

��
��

��

�*

!�!
!�"

��
��

�

�"

!�"

�

��
$�>

��
�


��
��

��
��

��
��


��
��

��
���

�	
��

���
��

��
�

��
�


��
��

��
��

���
��


�
��

��
��

��
��

�
��

��
�

�	
��

���
��

��
���

		
��

��
�


���
��

���
��

�
��


�
���

��
��

��
��

��
��

�$�
<!�

*
�	

��
*

�	
��

*
��

�

!�}

_`
��*

��
�}

??
@�

�@
~ 

�@
 `

!�
#

4
6

#
4

5



M
ag

ne
tic

 D
ru

g 
T

ar
ge

tin
g 

to
 th

e 
L

un
g:

Pr
el

im
in

ar
y

In
 v

itr
o 

In
ve

st
ig

at
io

ns

G
. G

lö
ck

l* , R
. B

au
m

an
n,

 J
. S

ch
er

zb
er

g,
 S

. N
ag

el
, W

. W
ei

ts
ch

ie
s

In
st

itu
te

 o
f P

ha
rm

ac
y,

 E
rn

st
 M

or
itz

 A
rn

dt
 U

ni
ve

rs
ity

 o
f G

re
ifs

w
al

d,
 G

er
m

an
y,

 
* E-

M
ai

l: 
gu

nn
ar

.g
lo

ec
kl

@
un

i-
gr

ei
fs

w
al

d.
de

Pu
rp

os
e:

 
To

 
im

pr
ov

e 
th

e 
pu

lm
on

ar
y 

de
po

sit
io

n 
of

 
ac

tiv
e 

su
bs

ta
nc

es
 

by
 

m
ea

ns
 

of
su

pe
rp

ar
am

ag
ne

tic
 a

er
os

ol
s a

nd
 h

ig
h-

gr
ad

ie
nt

 m
ag

ne
tic

 fi
el

ds
.

In
tro

du
ct

io
n:

Th
e 

m
aj

or
 c

on
ce

rn
 o

f d
ru

g 
ta

rg
et

in
g 

is
 to

 e
nh

an
ce

 th
e 

co
nc

en
tra

tio
n

of
 a

n 
ac

tiv
e 

su
bs

ta
nc

e 
at

 i
ts 

sit
e 

of
 a

ct
io

n 
w

hi
le

 m
in

im
iz

in
g 

th
e 

sy
st

em
ic

 e
xp

os
ur

e 
an

d 
th

us
 a

dv
er

se
 

re
ac

tio
ns

. 
Tu

m
or

 d
is

ea
se

s 
of

 t
he

 l
un

g,
 e

sp
ec

ia
lly

 n
on

-s
m

al
l c

el
l l

un
g 

ca
nc

er
 (

N
SC

LC
), 

ar
e 

di
ffi

cu
lt 

to
 tr

ea
t, 

w
ith

 p
oo

r p
ro

gn
os

is
 f

or
 p

at
ie

nt
 s

ur
vi

va
l. 

Th
e 

m
aj

or
 d

ra
w

ba
ck

 o
f 

sy
st

em
ic

 
ch

em
ot

he
ra

py
 i

s 
th

e 
lo

w
 a

va
ila

bi
lit

y 
of

in
 v

itr
o 

ef
fe

ct
iv

e 
dr

ug
s. 

Th
is 

is 
pa

rtl
y 

du
e 

to
 l

ow
 

pe
rfu

sio
n 

of
 t

he
 t

um
or

 a
nd

 o
ve

r-
ex

pr
es

si
on

 o
f 

ef
flu

x-
tra

ns
po

rte
rs

 l
ik

e 
p-

gp
 a

nd
 M

R
P.

In
ha

la
tio

n 
of

 c
he

m
ot

he
ra

pe
ut

ic
 a

ge
nt

s a
s a

 si
m

pl
e 

w
ay

 o
f d

ru
g 

ta
rg

et
in

g 
to

 th
e 

lu
ng

 is
 li

m
ite

d 
du

e 
to

 in
te

ns
iv

e
de

po
sit

io
n 

in
to

 th
e 

la
ry

nx
ca

us
ed

 b
y 

im
pi

ng
em

en
t o

f l
ar

ge
 d

ro
pl

et
s 

as
so

ci
at

ed
w

ith
 t

he
ra

py
-l

im
iti

ng
 a

dv
er

se
 r

ea
ct

io
ns

. 
W

he
n 

in
ha

lin
g 

sm
al

le
r 

pa
rti

cl
es

, 
hu

ge
 a

m
ou

nt
s 

of
 

dr
ug

ar
e 

ex
ha

le
d.

 I
n 

th
is 

ca
se

,
w

e
su

gg
es

t 
th

at
 m

ag
ne

tic
 r

et
en

tio
n 

fo
rc

es
 t

o 
th

e 
ae

ro
so

l
pa

rti
cl

es
 m

ay
 i

nc
re

as
e 

th
e 

de
po

sit
io

n 
pr

ob
ab

ili
ty

. 
In

 a
dd

iti
on

, 
du

e 
to

 t
he

 p
re

se
nc

e 
of

ap
pr

op
ria

te
 n

an
op

ar
tic

le
s 

th
e 

up
ta

ke
 m

ec
ha

ni
sm

s 
m

ay
 s

w
itc

h 
to

 e
nd

oc
yt

os
is

, t
hu

s 
av

oi
di

ng
th

e
el

im
in

at
io

n 
by

 e
ff

lu
x-

tra
ns

po
rte

rs
.

M
at

er
ia

ls
an

d 
M

et
ho

ds
: 

Pr
el

im
in

ar
y 

in
ve

st
ig

at
io

n 
w

as
 p

er
fo

rm
ed

 u
si

ng
 a

 c
om

m
er

ci
al

ly
av

ai
la

bl
e 

w
at

er
-b

as
ed

 f
er

ro
flu

id
 c

om
po

se
d 

of
 m

ag
he

m
ite

, p
ro

ve
n 

to
 b

e 
bi

oc
om

pa
tib

le
. T

he
 

fe
rro

flu
id

 w
as

 a
to

m
iz

ed
 b

y 
a 

pn
eu

m
at

ic
 n

eb
ul

iz
er

 (
Pa

ri 
B

oy
 S

X
, P

ar
i G

m
bH

, G
er

m
an

y)
 th

at
 

ge
ne

ra
te

s 
an

 a
er

os
ol

 w
ith

 a
 m

ed
ia

n 
m

as
s 

di
am

et
er

 (
M

M
D

) 
of

 2
.9

μm
. 

D
iff

er
en

t 
m

ag
ne

tic
 

gr
ad

ie
nt

 f
ie

ld
s 

w
er

e 
ge

ne
ra

te
d 

by
 s

ev
er

al
 p

er
m

an
en

t 
m

ag
ne

ts
 

in
 

va
ry

in
g 

ar
ra

ng
em

en
t.

M
ag

ne
tic

 in
du

ct
io

n 
w

as
 m

ea
su

re
d 

in
 o

rd
er

 to
 c

al
cu

la
te

 th
e 

m
ag

ne
tic

 fi
el

d 
gr

ad
ie

nt
 a

ro
un

d 
th

e 
m

ag
ne

tic
 p

ol
es

. A
pp

ro
xi

m
at

el
y 

2
m

L
of

fe
rr

of
lu

id
 (~

10
0 

m
g 

Fe
) w

er
e 

at
om

iz
ed

 a
nd

 d
ef

le
ct

ed
on

to
th

e
fla

pp
er

s 
al

ig
ne

d 
pa

ra
lle

l t
o 

th
e 

ai
r s

tre
am

by
 th

e 
m

ag
ne

tic
 f

ie
ld

. T
he

se
 f

la
pp

er
s 

w
er

e 
pl

ac
ed

 
in

 
va

ry
in

g 
di

st
an

ce
s 

fr
om

 
th

e 
m

ag
ne

tic
 

po
le

s. 
Th

e 
in

te
rc

ep
te

d 
pa

rti
cl

es
 

w
er

e
de

co
m

po
se

d 
an

d 
an

al
yz

ed
 u

sin
g 

fla
m

e 
at

om
ic

 a
bs

or
pt

io
n 

sp
ec

tro
m

et
ry

.

R
es

ul
ts

: T
he

 g
ra

di
en

ts
 d

ire
ct

ly
 u

po
n 

th
e 

m
ag

ne
tic

 p
ol

es
 w

er
e 

ca
lc

ul
at

ed
 to

 b
e 

ap
pr

ox
im

at
el

y 
40

T·
m

-1
. W

ith
 o

pt
im

al
 a

rra
ng

em
en

t o
f t

he
 m

ag
ne

ts,
 1

0
T·

m
-1

w
er

e 
ge

ne
ra

te
d 

in
 a

 d
is

ta
nc

e 
of

2
cm

 f
ro

m
 t

he
 p

ol
es

. D
ue

 t
o 

th
e 

da
rk

-b
ro

w
n 

co
lo

r 
of

 t
he

 f
er

ro
flu

id
 t

he
 i

nt
er

ce
pt

 w
as

 e
as

ily
vi

su
al

iz
ed

.U
po

n
at

om
iz

at
io

n 
of

 a
 c

on
ce

nt
ra

te
d 

fe
rro

flu
id

 u
p 

to
 2

%
 o

f 
iro

n 
in

te
rc

ep
te

d 
on

to
 

th
e 

fla
pp

er
s. 

Th
is 

am
ou

nt
 d

ec
re

as
ed

 c
on

sid
er

ab
ly

 w
ith

 i
nc

re
as

in
g 

di
sta

nc
e 

be
tw

ee
n 

fla
pp

er
s 

an
d 

po
le

s a
nd

 w
ith

 d
ilu

tio
n 

of
 th

e 
fe

rr
of

lu
id

.

C
on

cl
us

io
n:

Th
e 

ex
te

nt
 o

f 
dr

op
le

t 
de

po
sit

io
n 

un
de

r 
th

e 
te

ste
d 

co
nd

iti
on

s 
is

 s
til

l
fa

r
be

lo
w

th
er

ap
eu

tic
al

ly
 m

ea
ni

ng
fu

l 
de

sp
os

iti
on

 r
at

es
.

U
nt

il 
no

w,
 th

e 
ef

fe
ct

iv
e 

dr
op

le
t 

si
ze

 a
nd

 s
iz

e 
di

st
rib

ut
io

n 
du

rin
g 

th
e 

at
om

iz
in

g 
pr

oc
es

s 
is

 u
nk

no
w

n.
 F

ut
ur

e 
ef

fo
rt 

w
ill

 b
e 

di
re

ct
ed

 to
w

ar
ds

 
th

e 
ge

ne
ra

tio
n 

of
 sm

al
le

r d
ro

pl
et

s w
ith

 d
ia

m
et

er
s b

et
w

ee
n 

0.
5

μm
 a

nd
 1

μm
an

d 
na

rr
ow

er
 s

iz
e 

di
st

rib
ut

io
ns

an
d 

th
e 

ge
ne

ra
tio

n 
of

 s
tro

ng
er

 
fie

ld
gr

ad
ie

nt
s 

w
ith

in
 a

 l
ar

ge
r 

op
er

at
io

n 
ra

ng
e

us
in

g 
el

ec
tro

m
ag

ne
ts.

M
ag

ne
tic

al
ly

 R
es

po
ns

iv
e 

C
or

e-
sh

el
l M

ic
ro

sp
he

re
s 

fo
r S

m
ar

t 
D

ru
g 

D
el

iv
er

y

X
iu

qi
ng

 G
on

g,
 S

ui
li 

Pe
ng

 a
nd

 W
ei

jia
 W

en
 *

In
st

itu
te

 o
f N

an
o 

Sc
ie

nc
e 

an
d 

Te
ch

no
lo

gy
 a

nd
 D

ep
ar

tm
en

t o
f P

hy
si

cs
, T

he
 H

on
g 

K
on

g 

U
ni

ve
rs

ity
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y,

 C
le

ar
 W

at
er

 B
ay

, K
ow

lo
on

, H
on

g 
Ko

ng
 

* Em
ai

l: 
ph

w
en

@
us

t.h
k 

A
bs

tr
ac

t
W

e 
re

po
rt 

th
e 

fa
br

ic
at

io
n 

m
et

ho
do

lo
gy

 o
f 

m
ag

ne
tic

al
ly

-f
un

ct
io

na
liz

ed
 c

or
e-

sh
el

l 

m
ic

ro
sp

he
re

s 
by

 
m

ic
ro

flu
id

ic
 

flo
w

-f
oc

us
in

g 
(M

FF
) 

ap
pr

oa
ch

es
. 

Th
e 

M
FF

 
ch

ip
, 

fa
br

ic
at

ed
 w

ith
 P

D
M

S 
by

 s
of

t l
ith

og
ra

ph
ic

 te
ch

ni
qu

e,
 h

as
 a

 m
ai

n 
ch

an
ne

l f
lo

w
in

g 
w

ith
 

th
re

e 
la

m
in

ar
 s

tre
am

s 
in

cl
ud

in
g 

th
e 

ca
rr

yi
ng

 f
lu

id
, d

ru
g 

so
lu

tio
n 

an
d 

m
ag

ne
tic

 c
ol

lo
id

, 

re
sp

ec
tiv

el
y.

 T
he

 o
ut

m
os

t l
ay

er
s 

of
 th

e 
sp

he
ric

al
 d

ro
pl

et
s 

fo
rm

ed
 in

 th
e 

m
ai

n 
ch

an
ne

l 

w
er

e 
so

lid
ifi

ed
 b

y 
an

 a
dd

iti
on

al
 c

he
m

ic
al

 r
ea

ge
nt

 in
je

ct
ed

 th
ro

ug
h 

a 
si

de
 c

ha
nn

el
 a

nd
 

th
e 

co
re

-s
he

ll 
m

ic
ro

sp
he

re
s 

w
er

e 
th

us
 o

bt
ai

ne
d.

 S
in

ce
 t

he
 s

he
ll 

of
 m

ic
ro

sp
he

re
 i

s 

em
be

dd
ed

 w
ith

 m
ag

ne
tic

 n
an

op
ar

tic
le

s, 
it 

ca
n 

ex
pe

rie
nc

e 
th

e 
ch

an
ge

 i
n 

sh
ap

es
 l

ik
e 

el
lip

so
id

al
 w

ith
 d

iff
er

en
t a

sp
ec

t r
at

io
s 

un
de

r 
an

 e
xt

er
na

l m
ag

ne
tic

 f
ie

ld
. T

he
re

fo
re

, t
he

 

pu
m

pi
ng

-li
ke

 b
eh

av
io

r 
re

su
lte

d 
fr

om
 th

e 
co

m
pr

es
s-

ex
pa

ns
io

n 
of

 s
he

ll 
ca

n 
be

 o
bs

er
ve

d 

un
de

r 
an

 A
C

 m
ag

ne
tic

 f
ie

ld
 a

nd
 t

he
 d

ru
g 

st
or

ed
 i

n 
co

re
-s

he
ll 

m
ic

ro
sp

he
re

 w
ou

ld
 

ac
tiv

el
y 

re
le

as
e 

by
 c

on
tro

lli
ng

 t
he

 m
ag

ne
tic

 i
nt

en
si

ty
, f

re
qu

en
cy

 a
s 

w
el

l 
as

 e
xc

ita
tio

n 

si
gn

al
s. 

U
V

 a
bs

or
pt

io
n 

m
ea

su
re

m
en

t 
of

 c
um

ul
at

iv
e 

as
pi

rin
 r

el
ea

se
 w

as
 p

re
fo

rm
ed

 t
o 

de
ci

de
 th

e 
in

flu
en

ce
 o

f s
uc

h 
fa

ct
or

s. 
It 

is
 fo

un
d 

th
at

 o
bv

io
us

 d
iff

er
en

ce
 o

f d
ru

g 
re

le
as

e 

be
ha

vi
or

s c
an

 b
e 

de
te

ct
ed

 w
he

n 
si

ne
 a

nd
 st

ep
 si

gn
al

s a
re

 a
pp

lie
d,

 re
sp

ec
tiv

el
y.

#
4

8
#

4
7



K
oh

le
r N

, X
u 

C
, X

ie
 J

, H
o 

D
, W

al
sh

 E
, K

al
lu

ri 
R

, S
un

 S
. 

Ti
tle

Tu
m

st
at

in
 C

on
ju

ga
te

d 
Iro

n-
ox

id
e 

N
an

op
ar

tic
le

s 
fo

r 
M

R
I 

C
on

tra
st

 E
nh

an
ce

m
en

t 

an
d 

A
nt

i-A
ng

io
ge

ni
c 

D
ru

g 
Th

er
ap

y.
 

P
ur

po
se

To
 d

ev
el

op
 a

 m
ul

tif
un

ct
io

na
l n

an
op

ar
tic

ul
at

e 
sy

st
em

 a
s 

M
R

I c
on

tra
st

 a
ge

nt
s 

fo
r 

an
gi

og
en

ic
 tu

m
or

 im
ag

in
g 

an
d 

an
ti-

an
gi

og
en

ic
 th

er
ap

y.
 

M
et

ho
ds

10
 n

m
 F

e 3
O

4 
na

no
pa

rti
cl

es
 w

er
e 

pr
ep

ar
ed

 b
y 

re
du

ct
iv

e 
de

co
m

po
si

tio
n 

of
 i

ro
n 

ac
et

yl
ac

et
on

at
e 

in
 th

e 
pr

es
en

ce
 o

f o
le

ic
 a

ci
d 

an
d 

ol
ey

la
m

in
e.

 T
he

 a
s 

sy
nt

he
si

ze
d 

na
no

pa
rti

cl
es

 
w

er
e 

fu
rth

er
 

fu
nc

tio
na

liz
ed

 
w

ith
 

do
pa

m
in

e 
an

d 
a 

30
00

 
M

W
 

po
ly

(e
th

yl
en

e 
gl

yc
ol

) 
lin

ke
r 

w
hi

ch
 w

as
 c

ou
pl

ed
 t

o 
tu

m
st

at
in

, 
a 

lo
w

 m
ol

ec
ul

ar
 

w
ei

gh
t 

pe
pt

id
e 

sp
ec

ifi
c 

fo
r 

th
e 

� V
� I

II 
in

te
gr

in
 e

xp
re

ss
ed

 o
n 

th
e 

su
rfa

ce
 o

f 

en
do

th
el

ia
l 

ce
lls

. 
Th

e 
hy

dr
od

yn
am

ic
 s

iz
e 

of
 t

he
 t

um
st

at
in

 n
an

op
ar

tic
le

s 
w

er
e 

m
ea

su
re

d 
by

 d
yn

am
ic

 li
gh

t s
ca

tte
rin

g 
an

al
ys

is
. T

he
 s

ta
bi

lit
y 

of
 th

e 
na

no
pa

rti
cl

es
 

w
as

 te
st

ed
 in

 p
ho

sp
ha

te
 b

uf
fe

re
d 

sa
lin

e 
+ 

10
%

 fe
ta

l b
ov

in
e 

se
ru

m
. R

ed
uc

tio
n 

in
 

C
P

A
E

 
(e

nd
ot

he
lia

l 
ce

ll)
 

vi
ab

ilit
y 

w
as

 
te

st
ed

 
in

 
vi

tro
 

th
ro

ug
h 

W
S

T-
1 

as
sa

y 

an
al

ys
is

. 
Tu

m
st

at
in

 
na

no
pa

rti
cl

e 
up

ta
ke

 
w

as
 

qu
an

tif
ie

d 
th

ro
ug

h 
In

du
ct

iv
el

y 

C
ou

pl
ed

 P
la

sm
on

-A
to

m
ic

 E
m

is
si

on
 S

pe
ct

ro
sc

op
y 

(IC
P

-A
E

S
). 

V
is

ua
liz

at
io

n 
of

 

na
no

pa
rti

cl
e 

up
ta

ke
 w

as
 d

em
on

st
ra

te
d 

th
ro

ug
h 

sc
an

ni
ng

 c
on

fo
ca

l 
m

ic
ro

sc
op

y.
 

T2
 M

R
I c

on
tra

st
 e

nh
an

ce
m

en
t w

as
 te

st
ed

 u
si

ng
 a

 S
ie

m
en

s 
Tr

io
 3

T 
sc

an
ne

r. 

R
es

ul
ts

D
LS

 a
na

ly
si

s 
de

m
on

st
ra

te
d 

na
no

pa
rti

cl
e 

st
ab

ili
ty

 o
f 2

4 
ho

ur
s 

in
 s

im
ul

at
ed

 h
um

an
 

pl
as

m
a.

 
In

 
vi

tro
 

ce
ll 

cu
ltu

re
 

w
ith

 
tu

m
st

at
in

 
co

nj
ug

at
ed

 
na

no
pa

rti
cl

es
 

de
m

on
st

ra
te

d 
an

 
80

%
 

m
ea

n 
re

du
ct

io
n 

in
 

ce
llu

la
r 

vi
ab

ili
ty

 
of

 
C

P
A

E
 

ce
lls

 

co
m

pa
re

d 
to

 t
he

 c
on

tro
l w

ith
ou

t 
tu

m
st

at
in

, 
an

d 
a 

29
%

 r
ed

uc
tio

n 
in

 c
el

l v
ia

bi
lit

y 

co
m

pa
re

d 
to

 f
re

e 
tu

m
st

at
in

 c
on

tro
l. 

N
an

op
ar

tic
le

 u
pt

ak
e 

sh
ow

ed
 u

p 
to

 3
.0

3E
-3

 

ng
/c

el
l 

iro
n 

th
ro

ug
h 

IC
P

-A
E

S
 

an
al

ys
is

. 
S

ca
nn

in
g 

co
nf

oc
al

 
m

ic
ro

sc
op

y 
of

 

A
m

ph
ot

er
ic

in
 B

 m
ag

ne
tic

 c
ar

rie
rs

 fo
r l

un
g 

di
se

as
es

 tr
ea

tm
en

t 

D
. L

. G
ue

de
s1 , J

. P
. C

oe
lh

o1 , M
-A

. E
. X

av
ie

r1 , L
. S

. B
ar

bo
sa

1 , L
. L

.C
. E

st
ev

an
at

o1 , F
. A

. 
Po

rti
lh

o1 , N
. S

ad
eg

hi
an

i1 , A
. B

ru
gi

n1 , R
. B

. A
ze

ve
do

1 , M
. P

. S
. M

ou
ra

2 , A
. C

. T
ed

es
co

2 ,
M

. F
. V

as
co

nc
el

os
3 , T

. G
. M

ar
ço

la
3 , G

. R
. P

al
ud

o3 , P
. C

. M
or

ai
s4 , Z

. G
. M

. L
ac

av
a1

1 U
ni

v.
 d

e 
B

ra
sí

lia
, 

In
st

itu
to

 d
e 

C
iê

nc
ia

s 
B

io
ló

gi
ca

s, 
70

91
0-

90
0 

B
ra

sí
lia

-D
F,

 B
ra

zi
l, 

2 U
ni

v.
 d

e 
Sã

o 
Pa

ul
o,

 F
FC

LR
P-

U
SP

, 
14

04
0-

90
1 

R
ib

ei
rã

o 
Pr

et
o-

SP
, 

B
ra

zi
l, 

3 U
ni

v.
 d

e 
B

ra
sí

lia
, H

os
pi

ta
l V

et
er

in
ár

io
, 7

09
10

-9
00

 B
ra

sí
lia

-D
F,

 B
ra

zi
l,4 U

ni
v.

 d
e 

B
ra

sí
lia

, I
ns

tit
ut

o 
de

 F
ís

ic
a,

 N
úc

le
o 

de
 F

ís
ic

a 
A

pl
ic

ad
a,

 7
09

19
-9

70
, B

ra
sí

lia
-D

F,
 B

ra
zi

l.

N
ow

ad
ay

s, 
dr

ug
 d

el
iv

er
y 

is
 c

er
ta

in
ly

 o
ne

 o
f 

th
e 

m
os

t 
im

po
rta

nt
 c

ha
lle

ng
es

 i
n 

th
e 

bi
om

ed
ic

al
 a

re
a.

 T
he

 d
es

ira
bl

e 
ch

ar
ac

te
ris

tic
s 

of
 d

ru
g 

ca
rr

ie
rs

 m
ay

 b
e 

ac
hi

ev
ed

 b
y 

sy
st

em
s 

co
nt

ai
ni

ng
 m

ag
ne

tic
 n

an
op

ar
tic

le
 (

M
N

P)
. 

Th
is

 s
ys

te
m

 c
ou

ld
 m

in
im

iz
e 

th
e 

co
lla

te
ra

l e
ff

ec
ts

 o
f 

ve
ry

 to
xi

c 
dr

ug
s, 

su
ch

 a
s 

A
m

ph
ot

er
ic

in
 B

 (
A

m
B

). 
A

m
B

 is
 a

 u
se

fu
l 

dr
ug

 fo
r t

he
 tr

ea
tm

en
t o

f s
ev

er
e 

lu
ng

 d
is

ea
se

s, 
as

 P
ar

ac
oc

ci
di

oi
do

m
yc

os
is

 (P
C

M
). 

A
m

B
 

ne
ed

s 
a 

ve
ry

 lo
ng

 ti
m

e 
tre

at
m

en
t a

nd
 in

du
ce

s 
ne

fr
ot

ox
ic

ity
, l

ea
di

ng
 th

e 
PC

M
 p

at
ie

nt
 to

 
in

te
rr

up
t t

he
 tr

ea
tm

en
t. 

A
 n

ew
 m

ag
ne

tic
 fl

ui
d 

sa
m

pl
e 

ba
se

d 
on

 m
ag

he
m

ite
 n

an
op

ar
tic

le
s 

as
so

ci
at

ed
 to

 A
m

B
 (

M
F-

A
m

B
) 

an
d 

pr
es

en
tin

g 
an

 A
m

B
 r

el
ea

se
 c

on
tro

l w
as

 d
ev

el
op

ed
. 

Th
is

 w
or

k 
ha

d 
th

e 
ai

m
 o

f e
va

lu
at

in
g 

th
e 

M
F-

A
m

B
 s

am
pl

e 
to

xi
ci

ty
 a

nd
 b

io
di

st
rib

ut
io

n 
in

 
co

m
pa

ris
on

 w
ith

 th
e 

fr
ee

 A
m

B
 e

ff
ec

ts
. E

xp
er

im
en

ts
 w

er
e 

pe
rf

or
m

ed
 fr

om
 1

2 
ho

ur
s 

un
til

 
80

 d
ay

s 
af

te
r 

tre
at

m
en

t w
ith

 M
F-

A
m

B
 (

in
je

ct
io

ns
 a

t e
ac

h 
3 

da
ys

; f
re

e 
A

m
B

 e
qu

iv
al

en
t 

co
nc

en
tra

tio
n)

, A
m

B
 (

di
ar

y 
in

je
ct

io
ns

) 
an

d 
PB

S,
 a

s 
co

nt
ro

l. 
C

yt
om

et
ry

 a
na

ly
si

s 
sh

ow
ed

 
th

at
 b

ot
h 

sa
m

pl
es

 i
nd

uc
e 

fe
w

 a
nd

 t
em

po
ra

ry
 a

lte
ra

tio
ns

 i
n 

bo
th

 b
lo

od
 a

nd
 p

er
ito

ne
um

 
le

uk
oc

yt
e 

po
pu

la
tio

ns
. 

H
ow

ev
er

, 
M

F-
A

m
B

 l
eu

ko
cy

te
 a

lte
ra

tio
ns

 w
er

e 
fe

w
er

 t
ha

n 
th

e 
A

m
B

 c
ha

ng
es

. 
Sa

m
pl

es
 d

id
 n

ot
 c

au
se

 a
ny

 a
lte

ra
tio

ns
 i

n 
th

e 
bl

oo
d 

en
zy

m
e 

le
ve

ls
 t

ha
t 

co
ul

d 
in

di
ca

te
 h

ep
at

ot
ox

ic
ity

 o
r 

ne
fr

ot
ox

ic
ity

. 
H

ow
ev

er
, 

af
te

r 
lo

ng
er

 t
re

at
m

en
t, 

A
m

B
 

in
du

ce
d 

ch
an

ge
s 

in
 t

he
 s

er
um

 l
ev

el
s 

of
 a

la
ni

ne
 a

m
in

o 
tra

ns
fe

ra
se

 e
nz

ym
e,

 s
ug

ge
st

in
g 

in
du

ct
io

n 
of

 h
ep

at
ic

 d
am

ag
e.

 T
he

 N
ig

ro
si

n 
ex

cl
us

io
n 

te
st

 s
ho

w
ed

 t
ha

t 
pe

rit
on

ea
l 

ce
lls

 
vi

ab
ili

ty
 w

as
 s

lig
ht

ly
 a

ff
ec

te
d 

by
 th

e 
tre

at
m

en
ts

. T
he

 o
nl

y 
va

lu
e 

le
ss

 th
an

 9
0%

 w
as

 s
ee

n 
af

te
r 

80
 

da
ys

 
M

F-
A

m
B

 
tre

at
m

en
t. 

M
ic

ro
nu

cl
eu

s 
te

st
 

sh
ow

ed
 

th
at

 
A

m
B

 
ca

us
ed

 
ge

no
to

xi
ci

ty
 i

n 
bo

th
 p

ol
yc

hr
om

at
ic

 a
nd

 n
or

m
oc

hr
om

at
ic

 e
ry

th
ro

cy
te

s. 
H

ow
ev

er
, 

M
F-

A
m

B
 d

id
 n

ot
 p

re
se

nt
 th

is
 e

ff
ec

t. 
H

is
to

lo
gy

 a
na

ly
si

s 
sh

ow
ed

 M
N

P 
cl

us
te

rs
 in

 th
e 

liv
er

, 
sp

le
en

, 
an

d 
lu

ng
s;

 n
o 

da
m

ag
e 

in
 t

he
 s

pl
ee

n;
 m

or
e 

se
ve

re
 i

nf
la

m
m

at
or

y 
pr

oc
es

s 
in

 t
he

 
liv

er
 a

nd
 k

id
ne

y 
of

 A
m

B
 tr

ea
te

d 
an

im
al

s, 
bu

t m
or

e 
en

la
rg

em
en

t o
f t

he
 a

lv
eo

la
r w

al
l a

fte
r 

M
F-

A
m

B
 

tre
at

m
en

t, 
pr

ob
ab

ly
 

du
e 

to
 

th
e 

M
N

P 
cl

us
te

rs
. 

In
te

re
st

in
gl

y,
 

th
e 

M
N

P 
pr

ef
er

en
tia

l t
ar

ge
t w

as
 th

e 
lu

ng
. S

am
pl

es
 d

id
 n

ot
 in

du
ce

 a
lte

ra
tio

ns
 in

 th
e 

bo
dy

 w
ei

gh
t. 

M
F-

A
m

B
 c

au
se

d 
le

ss
 s

tre
ss

, b
ut

 in
du

ce
d 

de
at

h 
af

te
r 

70
 d

ay
s 

tre
at

m
en

t. 
Th

is
 r

es
ul

t w
as

 
pa

rti
cu

la
rly

 i
nt

er
es

tin
g 

be
ca

us
e 

ev
id

en
ce

d 
th

at
 i

s 
po

ss
ib

le
 t

o 
ad

m
in

is
tra

te
 u

nt
il 

23
 

in
je

ct
io

ns
 o

f 
M

N
P 

w
ith

ou
t 

se
ve

re
 e

ff
ec

ts
, 

th
us

 o
pe

ni
ng

 o
th

er
 o

pp
or

tu
ni

tie
s 

to
 M

N
P 

bi
om

ed
ic

al
 

ap
pl

ic
at

io
ns

. 
In

 
co

nc
lu

si
on

, 
th

e 
da

ta
 

su
gg

es
t 

M
F-

A
m

B
 

sa
m

pl
e 

is
 

bi
oc

om
pa

tib
le

, o
rg

an
-s

pe
ci

fic
, a

nd
 m

ay
 b

e 
us

ed
 a

s 
an

 A
m

ph
ot

er
ic

in
 B

 c
ar

rie
r. 

Fu
rth

er
 it

 
ca

n 
pe

rf
or

m
 t

he
 P

C
M

 t
he

ra
py

 d
ec

re
as

in
g 

th
e 

ob
se

rv
ed

 c
ol

la
te

ra
l 

ef
fe

ct
s 

co
m

m
on

ly
 

ob
se

rv
ed

 a
fte

r 
th

e 
fr

ee
 A

m
ph

ot
er

ic
in

 B
 t

re
at

m
en

t, 
th

us
 e

vi
de

nc
in

g 
th

e 
po

te
nt

ia
ls

 o
f 

na
no

st
ru

ct
ur

ed
 d

ru
gs

. 

W
or

k 
su

pp
or

te
d 

by
 C

A
PE

S,
 C

N
Pq

/M
C

T,
 F

IN
A

TE
C

, F
A

P-
D

F,
 a

nd
 C

N
A

N
O

  

#
5

0
#

4
9



T
ar

ge
te

d 
de

liv
er

y 
of

 S
PI

O
-la

be
lle

d 
pr

og
en

ito
r 

ce
lls

 t
o 

a 
si

te
 o

f 
va

sc
ul

ar
 i

nj
ur

y 
us

in
g 

an
 

ex
te

rn
al

 m
ag

ne
tic

 a
ct

ua
to

r 

P.
 G

. 
K

yr
ta

to
s1,

4 , 
P.

 L
eh

to
la

in
en

1 , 
M

. 
Ju

ne
m

an
n 

R
am

ir
ez

2 , 
A

. 
G

ar
ci

a 
Pr

ie
to

3 , 
A

nt
ho

ny
 N

. 
Pr

ic
e1 , 

T
. 

Po
ul

ia
ni

tis
3 , Q

. A
. P

an
kh

ur
st

3 , D
. G

. G
ad

ia
n4  a

nd
 M

. F
. L

yt
hg

oe
1,

4 

1 C
en

tr
e 

fo
r A

dv
an

ce
d 

B
io

m
ed

ic
al

 Im
ag

in
g,

 U
C

L 
In

st
itu

te
 o

f C
hi

ld
 H

ea
lth

 a
nd

 U
C

L 
D

ep
ar

tm
en

t o
f M

ed
ic

in
e,

 L
on

do
n,

 U
.K

. 
2 C

en
tr

e 
fo

r C
ar

di
ov

as
cu

la
r B

io
lo

gy
 a

nd
 M

ed
ic

in
e,

 U
C

L 
D

ep
ar

tm
en

t o
f M

ed
ic

in
e,

 L
on

do
n,

 U
.K

. 
3 Lo

nd
on

 C
en

tr
e 

fo
r N

an
ot

ec
hn

ol
og

y,
 U

.K
. 

4 R
C

S 
U

ni
t o

f B
io

ph
ys

ic
s, 

U
C

L 
In

st
itu

te
 o

f C
hi

ld
 H

ea
lth

, L
on

do
n,

 U
.K

. 

In
tr

od
uc

tio
n:

 E
nd

ot
he

lia
l 

pr
og

en
ito

r 
ce

lls
 (

EP
C

s)
 a

re
 p

ro
lif

er
at

iv
e 

ce
lls

 t
ha

t 
ca

n 
ad

op
t 

an
 e

nd
ot

he
lia

l-l
ik

e 
ph

en
ot

yp
e 

an
d 

ar
e 

kn
ow

n 
to

 b
e 

in
vo

lv
ed

 i
n 

pa
th

ol
og

ic
al

 a
nd

 p
hy

si
ol

og
ic

al
 p

ro
ce

ss
es

 s
uc

h 
as

 v
as

cu
la

r 
re

-e
nd

ot
he

lia
lis

at
io

n 
an

d 
po

st
-is

ch
ae

m
ic

 
ne

ov
as

cu
la

ris
at

io
n 

(1
,2

,3
). 

La
be

lli
ng

 o
f c

el
ls

 w
ith

 s
up

er
pa

ra
m

ag
ne

tic
 ir

on
 o

xi
de

 M
R

I c
on

tra
st

 a
ge

nt
s 

is
 b

ec
om

in
g 

an
 e

st
ab

lis
he

d
m

et
ho

d 
of

 tr
ac

ki
ng

 c
el

ls
 in

 v
iv

o 
in

 a
ni

m
al

s 
an

d 
ha

s 
re

ce
nt

ly
 e

nt
er

ed
 th

e 
cl

in
ic

al
 s

et
tin

g 
(4

). 
It 

m
ay

 a
ls

o 
be

 p
os

si
bl

e 
to

 e
xp

lo
it 

th
e 

m
ag

ne
tic

 p
ro

pe
rti

es
 o

f t
he

se
 p

ar
tic

le
s 

by
 im

po
si

ng
 a

n 
ex

te
rn

al
 m

ag
ne

tic
 fo

rc
e 

on
 th

e 
la

be
lle

d 
ce

lls
 b

ot
h 

in
 v

itr
o 

an
d 

in
 v

iv
o 

(5
,6

). 
Th

e 
lo

ng
-te

rm
 a

im
 o

f 
ou

r 
st

ud
y 

is
 to

 ta
rg

et
 E

PC
s 

to
 a

 s
ite

 o
f 

va
sc

ul
ar

 in
ju

ry
 u

si
ng

 a
n 

ex
te

rn
al

ly
 a

pp
lie

d 
m

ag
ne

tic
 f

or
ce

, t
hu

s 
en

ha
nc

in
g 

re
-e

nd
ot

he
lia

lis
at

io
n,

 a
nd

 to
 m

on
ito

r t
he

ir 
ho

m
in

g 
an

d 
re

te
nt

io
n 

no
n-

in
va

si
ve

ly
 u

si
ng

 M
R

I. 

O
ur

 g
ro

up
 h

as
 st

ud
ie

d 
C

D
13

3+
 d

er
iv

ed
 p

ro
ge

ni
to

r c
el

ls
 a

cq
ui

re
d 

fro
m

 p
er

ip
he

ra
l b

lo
od

 in
 v

as
cu

la
r r

ep
ai

r. 
C

ul
tiv

at
io

n 
of

 C
D

13
3+

 
ce

lls
 f

or
 1

0 
da

ys
 i

n 
pr

o-
an

gi
og

en
ic

 c
on

di
tio

ns
 (

“d
10

-C
D

13
3”

)
re

su
lts

 i
n 

m
at

ur
at

io
n 

to
 c

om
m

itt
ed

 c
el

ls
 t

ha
t 

be
co

m
e 

ad
he

re
nt

, 
ex

pr
es

s 
en

do
th

el
ia

l 
m

ar
ke

rs
 (

V
E-

C
ad

he
rin

, V
EG

F 
re

ce
pt

or
s)

 a
nd

 a
re

 a
bl

e 
to

 e
ng

ra
ft 

in
to

 t
he

 d
e-

en
do

th
el

ia
lis

ed
 c

ar
ot

id
 a

rte
ry

 
af

te
r 

ba
llo

on
 a

ng
io

pl
as

ty
 in

 a
n 

an
im

al
 m

od
el

. H
er

e 
w

e 
pr

es
en

tr
es

ul
ts

 o
f 

th
e 

vi
ab

ili
ty

 a
ss

es
sm

en
t o

f 
th

es
e 

ce
lls

, M
R

I 
vi

si
bi

lit
y,

 
pr

el
im

in
ar

y 
re

su
lts

 fr
om

 o
ur

 m
ag

ne
tic

 ta
rg

et
in

g 
in

 v
iv

o 
st

ud
y 

an
d 

fin
al

ly
 d

at
a 

fr
om

 a
n 

in
 v

itr
o 

sy
st

em
 fo

r t
he

 m
ag

ne
tic

 c
ap

tu
re

 o
f 

ce
lls

 in
 fl

ow
. 

M
et

ho
ds

: 
EP

C
s 

w
er

e 
ob

ta
in

ed
 f

ro
m

 c
ul

tu
re

 o
f 

fr
es

h 
hu

m
an

 C
D

13
3+

 c
el

ls
. 

Fo
r 

di
ff

er
en

tia
l 

la
be

lli
ng

 w
ith

 S
PI

O
 (

En
do

re
m

, 
G

ue
rb

et
, 5

00
ug

Fe
/m

l),
 th

e 
su

sp
en

si
on

 d
9-

C
D

13
3 

fr
ac

tio
n 

w
as

 s
ep

ar
at

ed
 a

nd
 la

be
lle

d 
fo

r 2
3h

 fo
llo

w
ed

 b
y 

ad
di

tio
na

l l
ab

el
lin

g 
fo

r 
1h

 w
ith

 t
he

 a
dh

er
en

t 
fr

ac
tio

n 
(2

4:
1 

la
be

lli
ng

). 
Fo

r 
st

an
da

rd
 l

ab
el

lin
g 

th
e 

w
ho

le
 c

el
l 

po
pu

la
tio

n 
w

as
 l

ab
el

le
d 

fo
r 

24
 h

 (
24

:2
4 

la
be

lli
ng

). 
Ir

on
 u

pt
ak

e 
w

as
 q

ua
nt

ifi
ed

 w
ith

 a
 s

up
er

co
nd

uc
tin

g 
qu

an
tu

m
 i

nt
er

fe
re

nc
e 

de
vi

ce
. C

el
lu

la
r 

fu
nc

tio
n 

w
as

 t
es

te
d 

w
ith

 
M

TS
 a

nd
 A

nn
ex

in
-V

 a
ss

ay
s 

an
d 

flo
w

 c
yt

om
et

ry
. M

ag
ne

tic
 a

ct
ua

tio
n 

de
vi

ce
s 

w
er

e 
de

si
gn

ed
 u

si
ng

 F
EM

 s
of

tw
ar

e 
an

d 
co

ns
tru

ct
ed

 
us

in
g 

N
dF

eB
 m

ag
ne

ts
. F

or
 in

 v
itr

o 
M

R
I, 

ag
ar

os
e 

su
sp

en
si

on
s 

of
 la

be
lle

d 
ce

lls
 w

er
e 

sc
an

ne
d 

in
 a

 9
.4

T 
M

R
I s

ys
te

m
. F

or
 in

 v
iv

o
st

ud
ie

s, 
ba

llo
on

 a
ng

io
pl

as
ty

 w
as

 p
er

fo
rm

ed
 o

n 
ra

t c
om

m
on

 c
ar

ot
id

 a
rte

rie
s, 

fo
llo

w
ed

 b
y 

ad
m

in
is

tra
tio

n 
of

 ir
on

-la
be

lle
d 

C
D

13
3s

 
w

ith
 a

nd
 w

ith
ou

t m
ag

ne
tic

 a
ct

ua
tio

n.
 A

rte
rie

s w
er

e 
ex

ci
se

d 
at

 2
4 

ho
ur

s a
nd

 c
on

fo
ca

l m
ic

ro
sc

op
y 

w
as

 p
er

fo
rm

ed
.  

R
es

ul
ts

: F
ig

ur
e

1a
 a

nd
 1

b 
sh

ow
s 

th
at

 s
ta

nd
ar

d 
la

be
lli

ng
 (2

4:
24

) o
f d

10
-C

D
13

3s
 re

su
lts

 in
 d

ec
re

as
ed

 v
ia

bi
lit

y 
le

ad
in

g 
to

 c
el

l l
ys

is
 

af
te

r a
pp

lic
at

io
n 

of
 a

 m
ag

ne
tic

 fo
rc

e 
(B

gr
ad

B
=8

 T
2 /m

). 
Fi

g.
 1

c 
de

m
on

st
ra

te
s 

th
at

 2
4:

1 
la

be
lle

d 
ce

lls
 a

re
 n

ot
 c

om
pr

om
is

ed
 b

y 
th

e 
sa

m
e 

m
ag

ne
tic

 f
or

ce
. T

he
se

 d
iff

er
en

tia
lly

 la
be

lle
d 

ce
lls

 c
on

ta
in

, o
n 

av
er

ag
e,

 3
.9

 p
g 

iro
n 

ox
id

e 
pe

r 
ce

ll,
 w

hi
ch

 is
 s

uf
fic

ie
nt

 f
or

 
vi

su
al

is
at

io
n 

in
 a

n 
ag

ar
os

e 
ph

an
to

m
 a

t c
on

ce
nt

ra
tio

ns
 fo

ur
fo

ld
 lo

w
er

 th
an

 th
os

e 
ob

se
rv

ed
 in

 o
ur

 in
 v

iv
o 

st
ud

y 
(F

ig
. 2

). 
Sp

ec
ifi

c 
m

ag
ne

t a
rr

ay
s 

ha
ve

 b
ee

n 
m

od
el

le
d 

an
d 

co
ns

tru
ct

ed
 to

 m
ax

im
is

e 
an

d 
ho

m
og

en
is

e 
th

e 
ap

pl
ie

d 
fo

rc
e 

fo
r i

n-
vi

vo
 m

ag
ne

tic
 ta

rg
et

in
g 

(n
ot

 s
ho

w
n)

. M
os

t i
m

po
rta

nt
ly

, p
re

lim
in

ar
y 

in
 v

iv
o 

an
d 

in
 v

itr
o 

da
ta

 in
di

ca
te

 a
 2

.3
-f

ol
d 

in
cr

ea
se

 in
 E

PC
 a

dh
es

io
n 

to
 th

e 
in

ju
re

d 
ar

te
ry

 (F
ig

. 3
a)

 a
nd

 to
 th

e 
tu

bi
ng

 in
 a

 1
m

L/
m

in
 fl

ow
 p

ha
nt

om
 (F

ig
. 3

b)
 fo

llo
w

in
g 

m
ag

ne
tic

 ta
rg

et
in

g.
  

D
is

cu
ss

io
n

A
 m

et
ho

d 
of

 l
ab

el
lin

g 
th

e 
su

sp
en

si
on

 a
nd

 a
dh

es
iv

e 
ce

ll 
fr

ac
tio

ns
 d

iff
er

en
tia

lly
 h

as
 b

ee
n 

de
ve

lo
pe

d 
to

 m
ai

nt
ai

n 
ce

ll 
vi

ab
ili

ty
 

fo
llo

w
in

g 
m

ag
ne

tic
 a

ct
ua

tio
n.

 H
er

e 
w

e 
ha

ve
 p

ro
vi

de
d 

in
 v

itr
o 

ev
id

en
ce

 f
or

 c
el

l 
vi

ab
ili

ty
 f

ol
lo

w
in

g 
la

be
lli

ng
 a

nd
 m

ag
ne

tic
 

ac
tu

at
io

n,
 a

s 
w

el
l a

s 
M

R
 v

is
ua

lis
at

io
n 

at
 lo

w
 c

el
l c

on
ce

nt
ra

tio
ns

. C
om

pu
te

r 
m

od
el

lin
g 

ha
s 

im
pr

ov
ed

 m
ag

ne
t d

es
ig

n 
fo

r 
in

 v
iv

o
ex

pe
rim

en
ts

, a
nd

 o
ur

 p
re

lim
in

ar
y 

in
 v

iv
o 

re
su

lts
 in

di
ca

te
 th

at
 in

 v
iv

o 
ta

rg
et

in
g 

us
in

g 
an

 e
xt

er
na

lly
 a

pp
lie

d 
m

ag
ne

tic
 f

ie
ld

 is
 a

 
pr

om
is

in
g 

ap
pr

oa
ch

 to
 in

cr
ea

se
 e

ng
ra

ftm
en

t o
f s

te
m

 c
el

ls
 to

 a
 si

te
 o

f v
as

cu
la

r i
nj

ur
y.

 

R
ef

er
en

ce
s:

1.
 F

rie
dr

ic
h 

EB
 e

t a
l. 

C
irc

. R
es

. 9
8(

3)
, e

20
-e

25
 (2

00
6)

 2
. Y

an
g 

C
 e

t a
l. 

Th
ro

m
b.

 H
ae

m
os

t. 
91

(6
), 

12
02

-1
21

2 
(2

00
4)

 3
. U

rb
ic

h 
C

et
 a

l. 
C

irc
. R

es
. 9

5(
4)

, 3
43

-3
53

 (2
00

4)
 4

. d
e 

V
rie

s I
 e

t a
l. 

N
at

. B
io

te
ch

no
l. 

23
(1

1)
, 1

40
7-

14
13

 (2
00

5)
 5

. A
rb

ab
 A

S 
et

 a
l. 

H
um

. G
en

e 
Th

er
. 1

5(
4)

,
35

1-
36

0 
(2

00
4)

 6
. P

an
kh

ur
st

 Q
 e

t a
l. 

J. 
Ph

ys
. D

: A
pp

l. 
Ph

ys
. 3

6,
 1

67
-1

81
 (2

00
3)

 

Fi
gu

re
 2

: M
R

I v
is

ib
ili

ty
. 

Fi
gu

re
 1

: V
ia

bi
lit

y 
as

se
ss

m
en

t (
M

TS
 a

ss
ay

). 

Fi
gu

re
 3

a:
  I

n 
vi

vo
 ta

rg
et

in
g.

Sa
m

pl
e 

en
 

fa
ce

 
co

nf
oc

al
 

m
ic

ro
sc

op
y 

im
ag

es
 

of
 

ar
te

ria
l 

lu
m

en
 f

ro
m

 i
) 

co
nt

ro
l 

an
d 

ii)
 

m
ag

ne
tic

 ta
rg

et
in

g 
gr

ou
p.

  

Th
er

e 
ar

e 
in

cr
ea

se
d 

nu
m

be
rs

 o
f

ad
he

rin
g 

ce
lls

 
(g

re
en

) 
in

 
th

e 
ta

rg
et

ed
 g

ro
up

, 
m

ax
 2

00
0 

pe
r

ar
te

ry
 (1

30
/m

m
2 ).

i ii Fi
gu

re
 3

b:
  

C
el

ls
 c

ap
tu

re
 i

n 
flo

w
ph

an
to

m
. 

Si
de

 v
ie

w
 o

f 
1m

m
 t

ub
e 

w
ith

 c
el

ls
 c

ap
tu

re
d 

in
 fl

ow
 (y

el
lo

w
 

ar
ro

w
s)

 
us

in
g 

th
e 

m
ag

ne
t 

ar
ra

y 
(r

ed
 a

rr
ow

s)
. 

In
 V

itr
o 

St
ud

y 
of

 M
ag

ne
tit

e 
N

an
op

ar
tic

le
s a

s t
he

 Im
pl

an
t f

or
 Im

pl
an

t 
A

ss
is

te
d-

M
ag

ne
tic

 D
ru

g 
T

ar
ge

tin
g 

Ja
n 

O
. M

an
gu

al
, M

is
ae

l O
. A

vi
le

s, 
A

rm
in

 D
. E

bn
er

, a
nd

 Ja
m

es
 A

. R
itt

er
 

D
ep

ar
tm

en
t o

f C
he

m
ic

al
 E

ng
in

ee
rin

g 
U

ni
ve

rs
ity

 o
f S

ou
th

 C
ar

ol
in

a 
C

ol
um

bi
a,

 S
C

 2
92

08
  

R
itt

er
 a

nd
 c

o-
w

or
ke

rs
 h

av
e 

be
en

 e
xp

lo
iti

ng
 n

an
os

tru
ct

ur
ed

 m
ag

ne
tic

 m
at

er
ia

ls
 a

s 
a 

sc
af

fo
ld

 f
or

 i
m

pl
an

t 
as

si
st

ed
-m

ag
ne

tic
 d

ru
g 

ta
rg

et
in

g 
(I

A
-M

D
T)

. I
n 

M
D

T,
 a

n 
ex

te
rn

al
 

m
ag

ne
tic

 fi
el

d 
is

 u
se

d 
to

 a
ttr

ac
t a

nd
 re

ta
in

 m
ag

ne
tic

 d
ru

g 
ca

rr
ie

r p
ar

tic
le

s 
(M

D
C

Ps
) a

t a
 

sp
ec

ifi
c 

si
te

 i
n 

th
e 

bo
dy

. H
ow

ev
er

, t
he

 u
se

 o
f 

an
 e

xt
er

na
l 

fie
ld

 a
lo

ne
 i

s 
lim

ite
d 

by
 t

he
 

sm
al

l 
m

ag
ne

tic
 f

or
ce

s 
ex

er
te

d 
on

 t
he

 M
D

C
Ps

, w
hi

ch
 l

ea
ds

 t
o 

po
or

 r
et

en
tio

n.
 I

A
-M

D
T 

re
pr

es
en

ts
 a

 p
os

si
bl

e 
so

lu
tio

n 
to

 th
is

 d
ile

m
m

a.
 

O
ne

 
IA

-M
D

T 
ap

pr
oa

ch
 

R
itt

er
 

an
d 

co
-w

or
ke

rs
 

ha
ve

 
be

en
 

te
st

in
g 

us
es

 
m

ag
ne

tic
 

na
no

pa
rti

cl
es

, s
uc

h 
as

 m
ag

ne
tit

e,
 to

 e
nh

an
ce

 th
e 

ca
pt

ur
e 

of
 th

e 
M

D
C

Ps
 a

t t
he

 ta
rg

et
 s

ite
. 

Th
es

e 
m

ag
ne

tit
e 

na
no

pa
rti

cl
es

, w
hi

ch
 a

re
 fa

r m
or

e 
m

ag
ne

tic
 th

an
 th

e 
M

D
C

Ps
, a

re
 e

as
ily

 
co

lle
ct

ed
 a

t t
he

 ta
rg

et
 s

ite
 w

he
n 

pl
ac

ed
 in

 th
e 

m
ag

ne
tic

 fi
el

d.
 S

o 
th

ey
 a

re
 c

ol
le

ct
ed

 fi
rs

t, 
fo

llo
w

ed
 b

y 
th

e 
M

D
C

Ps
. 

Th
is

 a
pp

ro
ac

h 
w

or
ks

 b
ec

au
se

 t
he

 m
ag

ne
tic

 n
an

op
ar

tic
le

s 
be

co
m

e 
m

ag
ne

tiz
ed

 in
 th

e 
m

ag
ne

tic
 f

ie
ld

 a
nd

 th
us

 im
pa

rt 
a 

fo
rc

e 
on

 th
e 

M
D

C
Ps

 th
at

 is
 

la
rg

er
 

th
an

 
th

at
 

ge
ne

ra
te

d 
by

 
th

e 
m

ag
ne

tic
 

fie
ld

 
al

on
e.

 
In

 
ef

fe
ct

, 
th

e 
m

ag
ne

tic
 

na
no

pa
rti

cl
es

 a
ct

 a
s a

 sc
af

fo
ld

 fo
r t

he
 M

D
C

Ps
 to

 b
e 

at
tra

ct
ed

 to
, w

ith
 b

ot
h 

be
in

g 
co

lle
ct

ed
 

an
d 

re
ta

in
ed

 m
ag

ne
tic

al
ly

 a
t t

he
 ta

rg
et

 si
te

. 

Th
is

 I
A

-M
D

T 
sy

st
em

 w
as

 s
tu

di
ed

 i
n 

vi
tr

o 
us

in
g 

a 
po

ro
us

 p
ol

ye
th

yl
en

e 
cy

lin
de

r 
to

 
si

m
ul

at
e 

ca
pi

lla
ry

 t
is

su
e.

 T
he

 m
ag

ne
tit

e 
na

no
pa

rti
cl

es
 w

er
e 

fir
st

 c
ap

tu
re

d 
w

ith
in

 t
he

 
po

ro
us

 p
ol

ym
er

 u
si

ng
 a

n 
ex

te
rn

al
 m

ag
ne

t. 
Th

ey
 ra

ng
ed

 in
 d

ia
m

et
er

 fr
om

 1
0–

10
0 

nm
. T

he
 

M
D

C
Ps

 w
er

e 
th

en
 c

ap
tu

re
d 

us
in

g 
th

e 
m

ag
ne

tit
e 

na
no

pa
rti

cl
es

 a
s 

a 
m

ag
ne

tic
 s

ca
ff

ol
d 

or
 

im
pl

an
t, 

as
 e

xp
la

in
ed

 a
bo

ve
. T

he
 M

D
C

Ps
 w

er
e 

0.
87

 �
m

 in
 d

ia
m

et
er

 a
nd

 e
m

be
dd

ed
 w

ith
 

25
 w

t%
 m

ag
ne

tit
e.

 

Th
is

 p
re

se
nt

at
io

n 
w

ill
 d

is
cl

os
e 

th
e 

ef
fe

ct
s 

of
 s

ev
er

al
 v

ar
ia

bl
es

 o
n 

th
e 

pe
rf

or
m

an
ce

 o
f t

hi
s 

un
iq

ue
 I

A
-M

D
T 

ap
pr

oa
ch

 i
n 

te
rm

s 
of

 t
he

 M
D

C
P 

ca
pt

ur
e 

ef
fic

ie
nc

y 
(C

E)
. 

Th
e 

flu
id

 
ve

lo
ci

ty
, 

th
e 

di
st

an
ce

 
to

 
th

e 
m

ag
ne

t, 
th

e 
ap

pl
ie

d 
m

ag
ne

tic
 

fie
ld

, 
th

e 
m

ag
ne

tit
e 

na
no

pa
rti

cl
e 

si
ze

 a
nd

 c
on

ce
nt

ra
tio

n,
 a

nd
 t

he
 M

D
C

P 
co

nc
en

tra
tio

n 
w

er
e 

st
ud

ie
d.

 T
he

 
re

su
lts

 s
ho

w
ed

 a
 s

ig
ni

fic
an

t i
nc

re
as

e 
in

 th
e 

ca
pt

ur
e 

of
 th

e 
M

D
C

Ps
 s

ur
ro

ga
te

s 
w

he
n 

th
e 

m
ag

ne
tit

e 
na

no
pa

rti
cl

es
 w

er
e 

pr
es

en
t. 

Th
e 

re
su

lts
 a

ls
o 

re
ve

al
ed

 c
on

si
de

ra
bl

e 
in

si
gh

t 
to

 
th

e 
de

si
gn

 o
f s

uc
h 

an
 IA

-M
D

T 
sy

st
em

. #
5

2
#

5
1



M
ag

ne
tic

 D
ru

g-
T

ar
ge

tin
g 

C
ar

ri
er

 E
nc

ap
su

la
te

d 
w

ith
 T

he
rm

o-
se

ns
iti

ve
 S

m
ar

t P
ol

ym
er

 
D

ev
es

h 
M

is
ra

 a
nd

 Q
ia

ng
 Y

ua
n 

C
en

te
r f

or
 S

tru
ct

ur
al

 a
nd

 F
un

ct
io

na
l M

at
er

ia
l a

nd
 D

ep
ar

tm
en

t o
f C

he
m

ic
al

 E
ng

in
ee

rin
g,

 U
ni

ve
rs

ity
 o

f 
Lo

ui
si

an
a 

at
 L

af
ay

et
te

  
P.

O
. B

ox
 4

41
30

, L
af

ay
et

te
, L

A
 7

05
04

-4
13

0,
 U

SA
 

(d
m

is
ra

@
lo

ui
si

an
a.

ed
u)

 

A
bs

tr
ac

t
 T

he
 p

rim
ar

y 
ch

al
le

ng
e 

in
 t

he
 d

el
iv

er
y 

of
 a

 d
ru

g 
to

 a
 t

um
or

 s
ite

 i
s 

to
 t

ar
ge

t 
th

e 
an

tic
an

ce
r 

dr
ug

 
sp

ec
ifi

ca
lly

 i
nt

o 
an

d 
ar

ou
nd

 t
um

or
s 

at
 c

on
ce

nt
ra

tio
ns

 t
ha

t 
w

ill
 d

ec
re

as
e 

th
ei

r 
gr

ow
th

 a
nd

/o
r 

vi
ab

ili
ty

. 
Ex

ce
lle

nt
 v

eh
ic

le
s 

fo
r 

ta
rg

et
ed

 d
ru

g 
de

liv
er

y 
ar

e 
m

ag
ne

tic
 n

an
oc

ar
rie

rs
. 

W
e 

ha
ve

 f
ab

ric
at

ed
 a

 n
ov

el
 

te
m

pe
ra

tu
re

 a
nd

 p
H

-r
es

po
ns

iv
e 

m
ag

ne
tic

 n
an

oc
ar

rie
r 

th
at

 c
om

bi
ne

s 
tu

m
or

 ta
rg

et
in

g,
 c

ar
rie

r 
m

on
ito

rin
g,

 a
nd

 
co

nt
ro

lle
d 

dr
ug

 re
le

as
e.

 T
he

 c
ar

rie
r i

s 
ch

ar
ac

te
riz

ed
 b

y 
a 

fu
nc

tio
na

liz
ed

 m
ag

ne
tic

 F
e 3

O
4 c

or
e 

co
nj

ug
at

ed
 w

ith
 

th
e 

th
er

ap
eu

tic
 

ag
en

t 
do

xo
ru

bi
ci

n,
 

w
hi

ch
 

is
 

cr
os

sl
in

ke
d 

w
ith

 
de

xt
ra

n-
g-

po
ly

(N
-is

op
ro

py
la

cr
yl

am
id

e)
-c

o-
N

,N
-d

im
et

hy
la

cr
yl

am
id

e 
[d

ex
tra

n-
g-

po
ly

(N
IA

A
m

-c
o-

D
M

A
A

m
)]

 
bi

od
eg

ra
da

bl
e 

th
er

m
os

en
si

tiv
e 

po
ly

m
er

 s
he

ll.
 T

he
 d

ex
tra

n-
g-

po
ly

(N
IA

A
m

-c
o-

D
M

A
A

m
) s

m
ar

t p
ol

ym
er

 s
he

ll 
ex

hi
bi

ts
 a

 lo
w

er
 c

rit
ic

al
 s

ol
ut

io
n 

te
m

pe
ra

tu
re

 (L
C

ST
) o

f ~
 3

8o C
, w

hi
ch

 is
 re

pr
es

en
ta

tiv
e 

of
 a

 p
ha

se
 tr

an
si

tio
n 

be
ha

vi
or

. T
hi

s 
be

ha
vi

or
 a

llo
w

s 
fo

r t
rig

ge
rin

g 
on

-o
ff

 m
ec

ha
ni

sm
. A

t a
n 

ex
pe

rim
en

ta
l t

em
pe

ra
tu

re
 lo

w
er

 th
an

 
LC

ST
, t

he
 r

at
e 

of
 d

ru
g 

re
le

as
e 

w
as

 lo
w

. H
ow

ev
er

, a
t a

 te
m

pe
ra

tu
re

 g
re

at
er

 th
an

 L
C

ST
, t

he
re

 w
as

 in
iti

al
ly

 a
 

hi
gh

er
 ra

te
 o

f d
ru

g 
re

le
as

e 
fo

llo
w

ed
 b

y 
a 

co
nt

ro
lle

d 
re

le
as

ed
 in

 th
e 

se
co

nd
 s

ta
ge

; a
 b

eh
av

io
r t

ha
t i

s 
at

tri
bu

te
d 

to
 t

he
 c

ol
la

ps
e 

of
 t

he
 o

ut
er

 s
he

ll 
of

 t
he

 t
he

rm
os

en
si

tiv
e 

bi
od

eg
ra

da
bl

e 
po

ly
m

er
. 

Th
e 

pr
op

os
ed

 c
ar

rie
r 

is
 

ap
pr

op
ria

te
ly

 s
ui

ta
bl

e 
fo

r 
m

ag
ne

tic
 t

ar
ge

tin
g 

dr
ug

 d
el

iv
er

y 
sy

st
em

 w
ith

 lo
ng

er
 c

irc
ul

at
io

n 
tim

e,
 l

ow
er

 s
id

e 
ef

fe
ct

s, 
an

d 
co

nt
ro

lle
d 

dr
ug

 re
le

as
e 

in
 re

sp
on

se
 to

 c
ha

ng
e 

in
 e

xt
er

na
l t

em
pe

ra
tu

re
. 

M
ag

ne
tic

 P
ol

ym
er

 B
ru

sh
es

 fo
r 

B
io

se
pa

ra
tio

n 
an

d 
M

ag
ne

to
re

sp
on

si
ve

 D
ru

g
D

el
iv

er
y 

Sy
st

em
s 

G
. U

. M
ar

te
n,

 T
. G

el
br

ic
h,

 A
. M

. S
ch

m
id

t*
 

In
st

itu
t f

ür
O

rg
an

is
ch

e 
C

he
m

ie
 u

nd
 M

ak
ro

m
ol

ek
ul

ar
e 

C
he

m
ie

, H
ei

nr
ic

h-
H

ei
ne

-U
ni

ve
rs

itä
t 

D
üs

se
ld

or
f, 

U
ni

ve
rs

itä
ts

st
r. 

1,
 D

-4
02

25
 D

üs
se

ld
or

f, 
*E

-M
ai

l: 
sc

hm
id

t.a
nn

et
te

@
un

i-d
ue

ss
el

do
rf

.d
e 

M
ag

ne
tic

 p
ol

ym
er

 b
ru

sh
es

1  r
ec

ei
ve

 g
ro

w
in

g 
in

te
re

st
 a

s 
fu

nc
tio

na
l m

ag
ne

tic
 n

an
oc

ar
rie

rs
 f

or
 

bi
om

ed
ic

al
 u

se
s 

lik
e 

hy
pe

rth
er

m
ia

, 
bi

os
ep

ar
at

io
n 

or
 m

ag
ne

tic
 d

ru
g 

ta
rg

et
in

g.
 T

he
 s

ur
fa

ce
-

gr
af

te
d 

po
ly

m
er

 s
he

ll 
al

lo
w

s 
on

 th
e 

on
e 

ha
nd

 th
e 

st
er

ic
 s

ta
bi

liz
at

io
n 

of
 s

in
gl

e 
m

ag
ne

tic
 c

or
es

 
w

ith
 e

xc
el

le
nt

 d
ilu

tio
n 

st
ab

ili
ty

, a
nd

 o
n 

th
e 

ot
he

r 
ha

nd
 p

er
m

its
 a

 g
re

at
 d

iv
er

si
ty

 o
f 

ch
em

ic
al

 
an

d 
ph

ys
ic

al
 p

ro
pe

rti
es

 b
y 

va
ry

in
g 

th
e 

ch
em

ic
al

 s
tru

ct
ur

e 
of

 t
he

 p
ol

ym
er

s. 
B

y 
us

in
g 

fu
nc

-
tio

na
l c

om
on

om
er

s a
 h

ig
h 

de
gr

ee
 o

f f
un

ct
io

na
l g

ro
up

s c
an

 b
e 

ac
hi

ev
ed

 in
 th

e 
po

ly
m

er
 sh

el
l. 

 
Th

e 
co

nc
ep

t 
of

 
ou

r 
w

or
k 

is
 

ba
se

d 
on

 
th

e 
co

m
bi

na
tio

n 
of

 
m

ag
ne

tic
 

he
at

in
g,

 
th

er
m

or
ev

er
si

bl
e 

di
sp

er
si

on
 b

eh
av

io
r 

an
d 

hi
gh

 f
un

ct
io

na
lit

y 
fo

r 
re

le
as

e 
an

d 
se

pa
ra

tio
n 

ap
pl

ic
at

io
ns

. T
he

re
fo

re
 w

e 
co

m
bi

ne
 m

ag
ne

tic
 F

eO
x 

na
no

pa
rti

cl
es

 (
d c

or
e =

 1
2 

nm
) 

vi
a 

su
rf

ac
e 

in
iti

at
ed

 A
TR

P2  w
ith

 c
op

ol
ym

er
 s

he
lls

 s
ho

w
in

g 
a 

LC
ST

 in
 w

at
er

. T
he

 o
bt

ai
ne

d 
pa

rti
cl

es
 a

re
 

ch
ar

ac
te

riz
ed

 w
ith

 r
es

pe
ct

 t
o 

th
ei

r 
fu

nc
tio

na
liz

at
io

n,
 c

om
po

si
tio

n,
 t

he
rm

al
 a

nd
 m

ag
ne

tic
 

pr
op

er
tie

s a
nd

 th
ei

r d
is

pe
rs

ib
ili

ty
 in

 w
at

er
 o

r p
hy

si
ol

og
ic

al
 b

uf
fe

r. 
 

	-
cy

cl
od

ex
tri

ne
 (	

-C
D

) i
s 

w
el

l k
no

w
n 

fo
r i

ts
 

ab
ili

ty
 to

 fo
rm

 h
os

t/g
ue

st
 c

om
pl

ex
es

 w
ith

 a
 la

rg
e 

nu
m

be
r 

of
 s

ub
st

an
ce

s. 
 T

o 
ac

hi
ev

e 
m

ag
ne

to
re

s-
po

ns
iv

e 
dr

ug
 

de
liv

er
y 

sy
st

em
s 

(F
ig

. 
1)

 
w

e 
co

po
ly

m
er

iz
e 

ol
ig

o(
et

hy
le

ne
gl

yc
ol

)m
et

hy
le

th
er

 
m

et
ha

cr
yl

at
e 

(O
EG

M
A

) 
w

ith
 a

 	
-C

D
 b

ea
rin

g 
co

m
on

om
er

 
in

 
or

de
r 

to
 

al
lo

w
 

a 
re

ve
rs

ib
le

 
co

m
pl

ex
at

io
n 

w
ith

 a
ct

iv
e 

gu
es

t c
om

po
un

ds
. T

he
 

de
co

m
pl

ex
at

io
n 

ca
n 

be
 o

bt
ai

ne
d 

by
 e

xt
rin

si
c 

or
 i

nt
rin

si
c 

he
at

in
g 

in
 a

n 
os

ci
lla

tin
g 

m
ag

ne
tic

 
fie

ld
. 

W
e 

us
e 

ph
en

ol
ph

th
al

ei
n 

as
 a

 m
od

el
 s

ub
st

an
ce

 t
o 

in
ve

st
ig

at
e 

th
e 

th
er

m
al

ly
 i

nd
uc

ed
 

re
le

as
e 

of
 lo

ad
ed

 m
od

el
 c

op
ol

ym
er

s a
nd

 lo
ad

ed
 m

ag
ne

tic
 n

an
op

ar
tic

le
s. 

 
O

ur
 s

ec
on

d 
ap

pr
oa

ch
 is

 b
as

ed
 o

n 
Fe

O
x b

ru
sh

 p
ar

tic
le

s 
w

ith
 a

 c
ar

bo
xy

-f
un

ct
io

na
l p

ol
ym

er
 

sh
el

l 
by

 
us

in
g 

m
et

ha
cr

yl
ox

ys
uc

ci
ni

m
id

e 
(M

A
SI

) 
as

 
a 

fu
nc

tio
na

l 
co

m
on

om
er

. 
 

V
ia

 
ca

rb
ox

yd
iim

id
e 

ac
tiv

at
io

n 
am

in
es

 o
r 

pr
ot

ei
ns

 c
an

 b
e 

bo
nd

 c
ov

al
en

tly
 (

Fi
g.

 2
). 

B
y 

in
cr

ea
si

ng
 

th
e 

te
m

-
pe

ra
tu

re
 a

bo
ve

 t
he

 L
C

ST
 

of
 

th
e 

co
po

ly
m

er
s, 

th
e 

pa
rti

cl
es

 p
re

ci
pi

ta
te

 in
 th

e 
ca

rr
ie

r 
m

ed
iu

m
 d

ue
 to

 th
e 

co
lla

ps
e 

of
 th

e 
sh

el
l, 

al
lo

w
in

g 
th

e 
se

pa
ra

tio
n 

of
 th

e 
sp

ec
ie

s 
by

 lo
w

 m
ag

ne
tic

 f
ie

ld
 g

ra
di

en
ts

. 
O

n 
th

e 
po

st
er

 w
e 

pr
es

en
t r

es
ul

ts
 o

f t
he

 s
el

ec
tiv

e 
se

pa
ra

tio
n 

of
 tr

yp
si

ne
 fr

om
 b

ov
in

e 
pa

nc
re

as
 

so
lu

tio
n.

Th
e 

se
le

ct
ed

 re
su

lts
 s

ho
w

 th
e 

hi
gh

 p
ot

en
tia

l o
f f

un
ct

io
na

l m
ag

ne
tic

 c
op

ol
ym

er
 b

ru
sh

es
 fo

r 
se

pa
ra

tio
n 

an
d 

re
le

as
e 

ap
pl

ic
at

io
ns

 
be

ca
us

e 
of

 
th

ei
r 

hi
gh

 
fu

nc
tio

na
lit

y 
an

d 
m

ag
ne

to
re

sp
on

si
vi

ty
. 

[1
] 

A
. M

. S
ch

m
id

t, 
M

ac
ro

m
ol

. R
ap

id
 C

om
m

un
.2

6,
 9

3–
97

, 2
00

5;
 A

. K
ai

se
r, 

T.
 G

el
br

ic
h,

 A
. M

. S
ch

m
id

t, 
J.

Ph
ys

.: 
C

on
de

ns
. M

at
te

r1
8,

 2
56

3–
25

80
, 2

00
6.

[2
] 

T.
 G

el
br

ic
h,

 M
. F

ey
en

, A
. M

. S
ch

m
id

t, 
M

ac
ro

m
ol

ec
ul

es
39

, 3
46

9-
34

72
, 2

00
6;

 T
. G

el
br

ic
h,

 M
. F

ey
en

, A
. M

. 
Sc

hm
id

t,
Z.

 P
hy

s. 
C

he
m

.2
20

, 4
1-

49
, 2

00
6.

H
~

H
~

O
H

O

O
H

O

O
H

O
O

O
H

O
O

H
OO
H

O
O

H
O

H
O

O N

O
N

O
N

O
N

ON

O
N

O
N

O
N

O
N

O N

O
N

O
N

ON

O
N

Fi
g.

 2
: B

in
di

ng
 o

f a
m

in
es

 a
nd

 se
di

m
en

ta
tio

n 
of

 th
e 

pa
rti

cl
es

 fo
r s

ep
ar

at
io

n

N
H

ED
C

Fi
g.

 1
: D

ru
g 

re
le

as
e 

fr
om

 n
an

op
ar

tic
le

 v
ia

 in
tri

ns
ic

 h
ea

tin
g

#
5

3
#

5
4



�
�
��
��
!
��
��5
��

��
�0
��
���

��
�,
��

�%
��
���
��
��
��
��

�&
$,
0�
6
�$
0�
���
0�
�
��
��
�%

�
�

�
���

¾�
�@
��

8 $�
7
��

���
��
5-

� $�
&
���
���
$�
��
0¾

8 $�
�
���

¾�
,�
�,
A $�

�%
���

¿�
¾+

�
�

& À�
�!�
&!�

#�
\�

Á��
��

��

�

���

�!

��
��

��
��

���
��

���
�
�

&&
�

�#
�


��
�&�
"�

��
!
�

~?
?@

?�

�&

��
�
�
��

�
��

��

��

��
��

���
��

��
�Â

��
��

��
��

�!
��

�
�

} À�

!�

>!
��

��
�Á

��
��

��

�

���

�!

��
��

��
��

��"
��

�
��

��
��

��
�	

��
��


��
	


�&
~�

�
��

��

�

���
��

�
�
��


�&
��

�
�
�

��
��

��
�

` À+
��

��
��
"�

�	
�Á

��
��

��

�

���

�!

��
��

��
��

���
��

��
��

�
�
'


!�
&!�
��

���
��

�
�
��


� 
�!

@�
~


�@
@?

?}
|


��
��

��

��

��
��

��
�

| '
��

	�
��

�#
��

��
	�


� 
��

�%
��

��
��

���


�
"#


�#
��

��
�


��
��

��
���

��
��

�

��

��
��

��
�!

��
�

�
� >�

��
��

���
\�

���
��

��
���




��

��
��

��
��

��
��

�

��

��
��

���
��

��
�

��
��

��
��

��
���

��
��

��
��

��
��

��
��

��
�
�

�

��

��
���

�
��

��
��

�	
��

	�

�

��
��


�
��

��

�

��
��

��
��


�
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

!�
>�

��
��

��
��

���
��

��
��

�
�	

��
���

��
��

�
��

���
�


��
��

��

�

	�
�

��
��

��
��

�
�
��

���
��


��
���

��
��

���
��

��
���

��
��

�

��

�	
��

���
��

��
��

�

���

��
��

��
��

��
��

���
���

��
��

�
��

��
��

��
��

��
��




��


�
���

��
��

��
��

��
��

��
���

��
��


	
��

���
��

��

��

��
��

���
��

��
��

��
$�

��
���

��
��

��
�


��
��

�

���

��
��

���
��

��
��

��
�


��
���

�	
��

���
��

��
��


��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

���
��

��
��

��
�
�

���
�!

�>
��

���
��

��
	�

��
�

��
���

��
�

��
��

��
��

���
�

�

��

��
��

�
��

�	
��

���
��

��
��

��
�


��
�	

��
���

��
��

�
�
���

��
��

��
��

�
��

��

�

��
��

�

��

��
��

��
��

��
��

���
�


��
��

�	
���

��
�


�	
��

��
��

��

�

���
��

��
���

��
��

�
�


���
��


��
��

��
���

�
���

�	
���

��
��

��
��

��
��


�
	�

��
��

��
�
�

���
�!

��
>�

��
��

��
�


��
��

��
��

��
��

��

��

��
��

��
��

��
��

��
�

��
��

��
��

��
��

�	
��

��
��

��
��

��
��

��

�

��
��

�	
��

���
�

��
��

��

��

��
��

��
�


�	
��

��
��

��
��

��
��

��
��

��
�

��
�$

��
��

��
��




��

��
��

��
��

��
��

��
�

��
��

��
��

��
��

�
�
�!�

!��
��

��
�

��
�


��
��

��
��

��
���

��
��

�
�

��
�


��
�


�	
�-

��
��

��
��

��
�

��
��

��
��

��
��

��
�


�

��

��
��

��
��

��
��

��
��

��
��

���
��

��
��

�

��

��
��

��
���

��
��

�
��

��
��

��
!�>

��
���

��
��

�	
��

��
��

��
��

��
��

��
���

��
��

��
��

��
��

���
��

���




��
��

��
���

���

�

�
�
��


�
��

��
�

��
�

��
��

��
��

���
��

��
��

�
��

��
��

��
��

��

�

��
��

���
��

��

��

��
��

��
�

��
��

��
��

!�
>�

��
��

��
��

��
�


��
�


��
��

��
��

��
��

��

�

���
��

��
��

��

�

��
��

��
��

��
�

��
��

��
��

�
�	

��
���

��
��

��
�


���
��

��
��

�	
��

���
��

��
��

�
�	

��
�

���
��

��
��

�

�	

�
�

��
��

��
��

��
��

�

���

��
��

���
��

��
��

���
��

$�
��

��
�

�	
��

���
���

��
��

��
��

��
��

��
�

�

��

��
��

��
��

��
��


��
�

��
��

���
��

��
�


�
��

��
��

��
��

��
��

���
��

��
��

��
�


���
��

��
��

��
��

��
���

��
��

��
�

��
��

��
��
-�

��
��

��
��

��
��

��
��

��
��

�

�


��
��

��
��

��
�


�
��

��
��


��
��

��
��

��
��

��
�

���
��

��

��

��
��

��
-�


��
��

��
�!

�&
��

��
��

��
��

��
��

��
��

���
��

��
��

��
��


�
���

��

�

�	
��

��
�


��

�

��
��

��
!�>

��
��

��
��


�
��

��
��

��

��

��
��

��
��
��

��
��

\�
��

Z
&~

??
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��


�
��

��
��

��
�

��
��

��
��


�
�

��
��

��
��

��
��

��
��

��
��

�
�
��

��
��

�

��

	�
��

��
�


��
��

��
��

�}
~@

��
�

��
��

��
���

��
��

��

�

���
��

��
��

��
��

�

��

��
��

��
���

��
��

��
��

��
��

��
��


��
��

��
��


��
	�

���
�


��
��

��
���

��|
~|

��
�

��
��

�`
`|

��
�

!�
>�

��
�

�	
��

���
��

��
��

��
��

��
��

��
��

��
�


��
��

��
��

��
��


�
���

��
��

�

��

��
��

��
��

��
�


��
��

�
���

��
��

��
��

�

��

�
��


��
	�

}|
��

��

�

��
��

��
��

��
���

��
��

��
��

��
��

�	
��

��
��

��
��


�
��


�

�

��
��

��
��


�
���

��

�

��
��

��
	�

��
��

��
��


�
	�

�
��

��
��

��
��

��
��

��
���

��
	�

���
��

��
��

��
�	

��
��

���

�

��
��


�
��

��

�

��
���

��
��


�
���

��
��

��
��

��
�


��
��

��
��

��
��

��
�

�	
��

���
���

��
��

�?
!@

��
^�&

!?
��

^�&
!@

��
^�}

!?
^�}

!@
��

��
��

�}
|�

��
�


��
��

���
�

��
	�

��
��

��
��

��
���

��
�

��
��

��
��

��
��

��
��

�
�}

|�
��

�

��

!�>
��

�	
��

�

��

�\
��

��
��

��
���

��
��

��
��

���
��

��
��

���
��

��
��

��
��

��
���

��
��

���

��

�

���

��
��

�	
��

��
�-

��
��

��
���

�
��

��
��

��
��

���
��

�

��

��
��

���
��


�
��


�
��

��
!�

� �
�#
�$
��
��
%�

�&
��
<!�

§�
��

	�
�

��
��
�

!'
!¥

!�
*

��

�


�
*

�	
��

���
�

�

�	

���

	

��
��

	�
��




��


�
��

��
��

��
��

��
�

�
���

�
��

�

�

��
��

��
���

��
��

�

��

��
��

�
�

��

#
�


�-
��

��
��

��
��

��

��

��
��

��




��

�

��
��

�

�	

�

��

��
��

�

��

��
��

�

��

��
��

"
��

�
��

�

��

���

�Z

��
��

��
`


� &�
��

��
�


� 
��

��
��


�}
??

~

��

�	
��

� 
` 

� 
@?

��
�}

��
<

!��
��

�

��

��
��

� 
!<!

#
!��

�
�
��

��

�*

��
��

���
	�

�
�	

��
���

��
�



��

��

�

���

��
���


	
��

��
	�

��
���

��
��

�
�


�
�

��

�

��
��

��
��

�

��

��

�

��
��

�

��


�
��

�
��

�
�
<�

�

��

��
��

�*
�	

��
���

�
��

��
�*

�	
��

���
�*

��
�


��
��


�Z
��

��
��

}_
`


�
&�

��
��

&

�*

��
�}

??
@


��
�	

��
��

`_
��

|�
��

� � � �

M
ul

tif
un

ct
io

na
l M

ag
ne

tic
 N

an
op

ar
tic

le
s:

 D
ru

g 
D

el
iv

er
y 

an
d 

Im
ag

in
g 

of
 

M
al

ig
na

nt
 G

lio
m

a 
L

. N
uñ

ez
1*

, B
. Y

am
in

i2 , N
. M

on
so

ur
2 , L

. R
iv

er
a3 , D

. B
re

w
e4 , a

nd
 C

. M
er

tz
1

1  C
he

m
ci

al
 S

ci
en

ce
s a

nd
 E

ng
in

ee
rin

g 
D

iv
is

io
n,

 A
rg

on
ne

 N
at

io
na

l L
ab

or
at

or
y,

 A
rg

on
ne

, I
lli

no
is

, U
SA

,  
2  S

ec
tio

n 
of

 N
eu

ro
su

rg
er

y,
 T

he
 U

ni
ve

rs
ity

 o
f C

hi
ca

go
, C

hi
ca

go
, I

lli
no

is
, U

SA
, 

3  C
he

m
is

try
 D

ep
ar

tm
en

t, 
U

ni
ve

rs
ity

 o
f P

ue
rto

 R
ic

o,
 M

ay
ag

ue
z 

C
am

pu
s, 

M
ay

ag
ue

z,
 P

ue
rto

 R
ic

o 
U

SA
 

4  A
dv

an
ce

d 
Ph

ot
on

 S
ou

rc
e,

 A
rg

on
ne

 N
at

io
na

l L
ab

or
at

or
y,

 A
rg

on
ne

, I
lli

no
is

, U
SA

 
 *

E-
M

ai
l :

 n
un

ez
@

an
l.g

ov

M
al

ig
na

nt
 g

lio
m

a 
is

 th
e 

m
os

t f
re

qu
en

t p
rim

ar
y 

br
ai

n 
tu

m
or

. C
ur

re
nt

 p
os

t s
ur

gi
ca

l t
he

ra
py

 in
vo

lv
es

 si
m

ul
ta

ne
ou

s T
M

Z 
(T

em
oz

ol
om

id
e)

 a
nd

 io
ni

zi
ng

 ra
di

at
io

n 
tre

at
m

en
t w

hi
le

 p
at

ie
nt

 su
rv

iv
al

 h
as

 o
nl

y 
m

od
es

tly
 im

pr
ov

ed
 o

ve
r t

he
 p

as
t 3

0 
ye

ar
s. 

N
ov

el
 ta

rg
et

ed
 tr

ea
tm

en
t m

od
al

iti
es

 h
av

e 
fa

ile
d 

to
 m

ak
e 

a 
co

ns
id

er
ab

le
 c

lin
ic

al
 im

pa
ct

, w
hi

le
 c

om
bi

na
to

ria
l 

th
er

ap
eu

tic
 m

et
ho

do
lo

gy
 su

ch
 a

s T
M

Z 
an

d 
cy

to
to

xi
c 

cy
to

ki
ne

s (
e.

g.
, T

N
F»

) a
re

 e
ss

en
tia

l t
o 

im
pr

ov
e 

tre
at

m
en

t e
ff

ic
ac

y.
 

M
ag

ne
tic

 n
an

oc
ar

rie
rs

 a
re

 id
ea

l f
or

 b
lo

od
 b

ra
in

 b
ar

rie
r a

pp
lic

at
io

ns
 b

ec
au

se
 o

f t
he

ir 
si

ze
 (2

5 
– 

30
0n

m
), 

th
ei

r a
bi

lit
y 

to
 

en
ca

ps
ul

at
e 

a 
va

rie
ty

 o
f t

he
ra

pe
ut

ic
 a

ge
nt

s, 
an

d 
th

e 
po

te
nt

ia
l t

o 
fu

nc
tio

na
liz

e 
th

ei
r s

ur
fa

ce
 fo

r c
el

l t
ar

ge
tin

g 
an

d 
im

pr
ov

ed
 im

ag
in

g 
ca

pa
bi

lit
ie

s. 
C

el
lu

la
r u

pt
ak

e 
of

 n
an

op
ar

tic
le

s w
ith

 T
M

Z 
as

 p
ay

lo
ad

 o
f t

w
o 

na
rr

ow
 si

ze
 d

is
tri

bu
tio

ns
, 

10
0 

nm
 a

nd
 2

80
 n

m
, w

er
e 

co
nf

irm
ed

 w
ith

 c
lo

no
ge

ni
c 

as
sa

ys
.  

M
ag

ne
tic

 n
an

oc
ar

rie
rs

 e
nt

er
 c

el
ls

 b
y 

en
do

cy
to

si
s a

nd
 c

an
 

ef
fe

ct
iv

el
y 

de
liv

er
 p

ro
te

in
, r

ad
ia

tio
n 

in
du

ce
d 

ge
ne

s, 
an

d 
ot

he
r t

he
ra

pe
ut

ic
 a

ge
nt

s t
o 

tu
m

or
 ti

ss
ue

s. 
R

es
ul

ts
 in

di
ca

te
 th

at
 

th
e 

TM
Z,

 T
N

F 
pr

ot
ei

n,
 a

nd
 g

en
e-

lo
ad

ed
 m

ag
ne

tic
 n

an
oc

ar
rie

rs
 c

an
 p

en
et

ra
te

 c
el

ls
 a

nd
 d

is
tri

bu
te

 d
ire

ct
ly

 w
ith

in
 b

ra
in

 
tis

su
e 

by
 c

on
ve

ct
io

n 
en

ha
nc

ed
 d

el
iv

er
y.

 T
he

 T
M

Z 
do

se
 u

se
d 

on
 m

ic
e 

w
as

 5
m

g/
kg

 a
nd

 m
ea

su
re

d 
us

in
g 

U
V

-V
IS

 
sp

ec
tro

sc
op

y.
  T

he
 re

le
as

e 
of

 th
e 

m
ag

ne
tic

 n
an

oc
ar

rie
r p

ay
lo

ad
 w

as
 o

pt
im

al
 b

as
ed

 o
n 

re
le

as
e 

ra
te

s b
et

w
ee

n 
24

 a
nd

 7
2 

ho
ur

s. 
Th

e 
m

ag
ne

tic
 n

an
oc

ar
rie

rs
 w

er
e 

ch
ar

ac
te

riz
ed

 w
ith

 X
-r

ay
 fl

uo
re

sc
en

ce
 m

ic
ro

pr
ob

e 
an

d 
X

A
N

ES
 to

 d
et

er
m

in
e 

th
ei

r d
is

tri
bu

tio
n 

to
 b

e 
a 

m
aj

or
ity

 o
f m

ag
ne

tit
e 

an
d 

a 
sm

al
le

r f
ra

ct
io

n 
of

 h
em

at
ite

. R
at

 b
ra

in
s w

er
e 

in
je

ct
ed

 5
 m

m
 in

 
de

pt
h 

w
ith

 n
an

oc
ar

rie
rs

 b
y 

th
e 

C
on

ve
ct

io
n 

En
ha

nc
ed

 D
el

iv
er

y 
te

ch
ni

qu
e 

(F
ig

ur
e 

1)
 a

nd
 c

ro
ss

 se
ct

io
ns

 w
er

e 
ch

ar
ac

te
riz

ed
 u

si
ng

 F
lu

or
es

ce
nc

e 
C

or
re

la
tio

n 
Sp

ec
tro

sc
op

y 
co

m
bi

ne
d 

w
ith

 C
on

fo
ca

l M
ic

ro
sc

op
y 

th
e 

di
ff

us
io

n 
co

ef
fic

ie
nt

s o
bt

ai
ne

d 
w

er
e 

be
tw

ee
n 

0.
52

 a
nd

 3
4 

μm
2 /s

.  
Th

e 
St

ok
es

-E
in

st
ei

n 
re

la
tio

ns
hi

p 
w

as
 u

se
d 

to
 c

al
cu

la
te

 p
ar

tic
le

 
di

am
et

er
 a

nd
 th

e 
va

lu
es

 w
er

e 
co

m
pa

re
 w

ith
 e

xp
er

im
en

ta
lly

 o
bt

ai
ne

d 
D

yn
am

ic
 L

ig
ht

 S
ca

tte
rin

g 
ef

fe
ct

iv
e 

di
am

et
er

 
m

ea
su

re
m

en
ts

. M
ag

ne
tic

 n
an

oc
ar

rie
rs

 o
f 4

0 
an

d 
80

 n
m

 in
 si

ze
 w

er
e 

al
so

 im
ag

ed
 in

 v
iv

o 
by

 u
si

ng
 M

ag
ne

tic
 R

es
on

an
ce

 
Sp

in
 E

ch
o 

te
ch

ni
qu

e 
an

d 
th

e 
m

ag
ne

tit
e 

co
nt

ra
st

 a
ge

nt
 w

er
e 

vi
si

bl
e 

in
 th

e 
im

ag
es

 a
t t

he
 tr

ea
tm

en
t d

os
e 

ra
te

. O
th

er
 

ph
ys

ic
al

 c
ha

ra
ct

er
iz

at
io

n 
w

ill
 b

e 
pr

es
en

te
d 

to
 d

es
cr

ib
e 

th
e 

de
ve

lo
pm

en
t o

f u
ni

qu
e 

na
no

ca
rr

ie
r s

ys
te

m
s f

or
 se

le
ct

iv
e 

ca
nc

er
 tr

ea
tm

en
t a

nd
 im

ag
in

g 
bo

th
 in

 v
itr

o 
an

d 
in

 v
iv

o.
 

Fi
gu

re
 1

.  
C

on
fo

ca
l m

ic
ro

sc
op

e 
im

ag
e 

of
 p

lu
m

e 
of

 in
je

ct
ed

 fl
uo

re
sc

ei
n-

la
be

le
d 

m
ag

ne
tic

 n
an

oc
ar

rie
rs

 w
ith

in
 th

e 
cr

os
s s

ec
tio

n 
of

 ra
t b

ra
in

 ti
ss

ue
. T

he
 fl

uo
re

sc
en

ce
 

al
lo

w
s t

he
 st

ud
y 

of
 th

e 
di

st
rib

ut
io

n 
an

d 
di

sp
er

si
on

 o
f t

he
 n

an
oc

ar
rie

rs
 in

je
ct

ed
 b

y 
C

on
ve

ct
io

n 
En

ha
nc

ed
 D

el
iv

er
y 

(C
ou

rt
es

y 
of

 A
rg

on
ne

’s
 C

en
te

r f
or

 N
an

os
ca

le
 

M
at

er
ia

ls
). 

#
5

6
#

5
5



Ph
ys

ic
al

 a
nd

 B
io

ch
em

ic
al

 T
ar

ge
tin

g 
of

 C
is

pl
at

in
 lo

ad
ed

 P
ar

tic
le

s i
n 

Sq
ua

m
ou

s 
C

el
l C

ar
ci

no
m

as
 o

f t
he

 H
ea

d 
an

d 
N

ec
k 

(S
C

C
H

N
) 

L
. N

uñ
ez

1*
, E

. C
oh

en
2 , J

. L
iu

2 , a
nd

 C
. M

er
tz

1

1  C
he

m
ci

al
 S

ci
en

ce
s a

nd
 E

ng
in

ee
rin

g 
D

iv
is

io
n,

 A
rg

on
ne

 N
at

io
na

l L
ab

or
at

or
y,

 A
rg

on
ne

, I
lli

no
is

, U
SA

,  
2  S

ec
tio

n 
of

 H
em

at
ol

og
y/

O
nc

ol
og

y,
 D

ep
ar

tm
en

t o
f M

ed
ic

in
e,

 T
he

 U
ni

ve
rs

ity
 o

f C
hi

ca
go

, C
hi

ca
go

, I
lli

no
is

, U
SA

, 
 *

E-
M

ai
l :

 n
un

ez
@

an
l.g

ov

Sq
ua

m
ou

s c
el

l c
ar

ci
no

m
as

 o
f t

he
 h

ea
d 

an
d 

ne
ck

 (S
C

C
H

N
) h

av
e 

a 
w

or
ld

w
id

e 
in

ci
de

nc
e 

of
 9

00
,0

00
 c

as
es

 a
nn

ua
lly

 
m

ak
in

g 
it 

th
e 

si
xt

h 
m

os
t c

om
m

on
 c

an
ce

r. 
In

 th
e 

U
ni

te
d 

St
at

es
, a

pp
ro

xi
m

at
el

y 
40

,0
00

 c
as

es
 w

ill
 b

e 
di

ag
no

se
d 

an
nu

al
ly

. 
Th

e 
m

aj
or

ity
 o

f p
at

ie
nt

s w
ith

 S
C

C
H

N
 a

re
 d

ia
gn

os
ed

 w
ith

 lo
ca

lly
 o

r r
eg

io
na

lly
 a

dv
an

ce
d 

di
se

as
e.

 T
he

ra
py

 h
as

 th
er

ef
or

e 
co

nc
en

tra
te

d 
on

 lo
co

re
gi

on
al

 c
on

tro
l w

ith
 ra

di
ot

he
ra

py
 a

nd
 su

rg
er

y 
as

 th
e 

tra
di

tio
na

l m
ai

ns
ta

ys
. A

lm
os

t a
ll 

pa
tie

nt
s w

ith
 

re
cu

rr
en

ce
 w

ill
 su

cc
um

b 
to

 th
ei

r d
is

ea
se

. T
hu

s, 
SC

C
H

N
 is

 a
 w

or
ld

w
id

e 
he

al
th

 p
ro

bl
em

 w
ith

 d
ev

as
ta

tin
g 

co
ns

eq
ue

nc
es

 
bu

t p
ro

vi
de

s a
n 

id
ea

l m
od

el
 to

 im
pl

em
en

t a
nd

 im
pr

ov
e 

lo
ca

l t
re

at
m

en
t d

el
iv

er
y 

an
d 

m
od

al
iti

es
. P

as
t a

tte
m

pt
s w

ith
 

in
tra

tu
m

or
al

 g
en

e 
th

er
ap

y 
ha

ve
 sh

ow
n 

pr
om

is
e 

bu
t a

re
 li

m
ite

d 
du

e 
to

 te
ch

ni
ca

l d
iff

ic
ul

tie
s a

ss
oc

ia
te

d 
w

ith
 in

tra
tu

m
or

al
 

in
je

ct
io

n 
an

d 
co

nc
er

ns
 re

ga
rd

in
g 

sa
fe

ty
 o

f v
ira

l g
en

e 
de

liv
er

y.
 N

ew
er

 te
ch

no
lo

gi
es

 su
ch

 a
s m

ag
ne

tic
 n

an
oc

ar
rie

rs
 a

re
 

be
co

m
in

g 
av

ai
la

bl
e 

th
at

 c
an

 a
dd

re
ss

 th
es

e 
co

nc
er

ns
 a

nd
 si

m
ul

ta
ne

ou
sl

y 
al

lo
w

 p
hy

si
ca

l a
nd

 c
he

m
ic

al
 ta

rg
et

in
g 

of
 

sp
ec

ifi
c 

ch
em

ot
he

ra
py

 a
ge

nt
s, 

pr
ot

ei
ns

, a
nd

 g
en

es
. P

LA
 (p

ol
y-

la
ct

ic
 a

ci
d)

 o
r P

LG
A

 (p
ol

y-
la

ct
ic

-c
o-

gl
yc

ol
ic

 a
ci

d)
 

po
ly

m
er

s w
er

e 
us

ed
 a

s e
nc

ap
su

la
tio

n 
m

at
er

ia
ls

 c
om

bi
ne

d 
w

ith
 n

an
op

ar
tic

le
s o

f F
e 3

O
4 i

n 
th

e 
2-

10
 n

m
 ra

ng
e 

to
 p

ro
vi

de
 

th
e 

m
ag

ne
tic

 c
ha

ra
ct

er
is

tic
s o

f t
he

 n
an

oe
nc

ap
su

la
tio

n 
sy

st
em

. 

C
el

lu
la

r u
pt

ak
e 

st
ud

ie
s o

f a
n 

SQ
20

B
 c

el
l l

in
e 

w
ith

 a
 C

on
fo

ca
l M

ic
ro

sc
op

e 
fo

r n
an

oc
ar

rie
rs

 w
ith

 c
is

pl
at

in
 a

s p
ay

lo
ad

 a
nd

 
ef

fe
ct

iv
e 

si
ze

 d
is

tri
bu

tio
n 

of
 2

00
 n

m
 sh

ow
s s

uc
ce

ss
fu

l e
nd

oc
yt

os
is

 th
ro

ug
h 

th
e 

ce
ll 

m
em

br
an

e 
(F

ig
ur

e 
1)

. 
M

ag
ne

tic
 

na
no

ca
rr

ie
rs

 w
ith

 a
nd

 w
ith

ou
t a

n 
ep

id
er

m
al

 g
ro

w
th

 fa
ct

or
 (E

G
F)

 m
on

oc
lo

na
l a

nt
ib

od
y 

on
 th

e 
na

no
ca

rr
ie

r s
ur

fa
ce

 e
nt

er
 

ce
lls

 b
y 

en
do

cy
to

si
s a

nd
 c

an
 e

ff
ec

tiv
el

y 
de

liv
er

 p
ro

te
in

, c
yt

ot
ox

ic
 g

en
es

, a
nd

 o
th

er
 th

er
ap

eu
tic

 a
ge

nt
s t

o 
tu

m
or

 ti
ss

ue
s. 

Th
e 

ci
sp

la
tin

 d
os

es
 u

se
d 

on
 m

ic
e 

w
er

e 
be

tw
ee

n 
5 

m
g/

kg
 a

nd
 0

.0
5 

m
g/

kg
 a

nd
 c

is
pl

at
in

 w
as

 m
ea

su
re

d 
us

in
g 

IC
P-

M
S 

an
al

ys
is

 o
f P

t. 
 T

he
 re

le
as

e 
of

 th
e 

m
ag

ne
tic

 n
an

oc
ar

rie
r p

ay
lo

ad
 w

as
 o

pt
im

al
 b

et
w

ee
n 

24
 a

nd
 7

2 
ho

ur
s. 

Th
e 

m
ag

ne
tic

 
na

no
ca

rr
ie

rs
 w

er
e 

ch
ar

ac
te

riz
ed

 w
ith

 m
ag

ne
tic

 su
sc

ep
tib

ili
ty

 a
nd

 IC
P-

M
S 

m
ea

su
re

m
en

ts
 a

nd
 sh

ow
ed

 m
ag

ne
tiz

at
io

n 
of

 
0.

4 
em

u/
g.

 O
th

er
 p

hy
si

ca
l c

ha
ra

ct
er

iz
at

io
n 

an
d 

in
 v

iv
o 

m
ea

su
re

m
en

ts
 w

ill
 b

e 
pr

es
en

te
d 

to
 d

es
cr

ib
e 

th
e 

pr
el

im
in

ar
y 

ef
fic

ac
y 

of
 p

hy
si

ca
l a

nd
 b

io
ch

em
ic

al
 ta

rg
et

in
g 

fo
r S

C
C

H
N

 c
an

ce
r t

re
at

m
en

t. 

Fi
gu

re
 1

.  
C

on
fo

ca
l M

ic
ro

sc
op

e 
im

ag
e 

of
 S

Q
20

B
 c

el
ls

 sh
ow

s 
su

cc
es

sf
ul

 e
nd

oc
yt

os
is

 o
f t

he
 

na
no

ca
rr

ie
rs

.  
Th

e 
m

ag
ne

tic
 

na
no

ca
rr

ie
rs

 c
on

ta
in

ed
 

flu
or

es
ce

in
-la

be
le

d 
po

ly
m

er
 w

ith
 

an
 A

le
xa

 re
d-

la
be

le
d 

B
SA

 
pa

yl
oa

d.
 T

he
 p

ay
lo

ad
 a

pp
ea

rs
 a

s 
re

d 
co

lo
r o

nc
e 

re
le

as
ed

 
in

tra
ce

llu
la

rly
 fr

om
 th

e 
na

no
ca

rr
ie

rs
.  

Th
e 

un
re

le
as

ed
 

pa
yl

oa
d 

ap
pe

ar
s a

s y
el

lo
w

, w
hi

le
 

th
e 

em
pt

y 
flu

or
es

ce
in

-la
be

le
d 

m
ag

ne
tic

 n
an

oc
ar

rie
rs

 a
pp

ea
r a

s 
gr

ee
n.

  T
he

 fi
gu

re
 sh

ow
s a

n 
el

ap
se

d 
tim

e 
of

 7
2 

hr
s. 

Sy
nt

he
si

s a
nd

 C
ha

ra
ct

er
iz

at
io

n 
of

 M
ag

ne
tit

e 
H

P-
�-

C
D

 C
om

po
si

te
 

an
d 

It
s A

pp
lic

at
io

n 
as

 a
 C

ar
ri

er
 o

f D
ox

or
ub

ic
in

 

M
in

gl
i P

en
g a

, H
ua

 Z
ha

ng
b

Ya
li 

C
ui

b*
, C

ha
o 

C
he

nc

a:
 D

ep
ar

tm
en

t o
f C

he
m

is
try

, N
or

th
w

es
t U

ni
ve

rs
ity

 o
f C

hi
na

, X
i’a

n,
 7

10
06

9.
 

b:
 D

ep
ar

tm
en

t o
f L

ife
 S

ci
en

ce
 , 

N
or

th
w

es
t U

ni
ve

rs
ity

 o
f C

hi
na

, X
i’a

n 
71

00
69

. 

c:
 N

at
io

na
l 

En
gi

ne
er

in
g 

R
ea

rc
h 

C
en

te
r 

Fo
r 

M
in

ia
tu

riz
ed

 D
et

ec
tio

n 
Sy

st
em

s, 
X

i’a
n 

71
00

69
, P

. R
. C

hi
na

. *
Em

ai
l: 

ya
li_

cu
i@

nw
u.

ed
u.

cn
 

K
ee

pi
ng

 t
he

 c
av

ity
 o

f 
�-

cy
cl

od
ex

tri
n 

w
ith

 h
ig

he
r 

aq
ue

ou
s 

so
lu

bi
lit

y 
an

d 
lo

w
er

 

to
xi

ci
ty

, h
yd

ro
xy

lp
ro

py
l-�

-c
yc

lo
de

xt
rin

 (H
P-

�-
C

D
) h

as
 b

ee
n 

sh
ow

n 
to

 b
e 

su
ita

bl
e 

fo
r 

pa
re

nt
er

al
 e

xc
ip

ie
nt

 a
pp

ro
ve

d 
by

 F
D

A
. I

t p
la

ys
 a

 ro
le

 a
s 

“r
es

er
vo

ir”
 o

f d
ru

gs
 w

ith
ou

t 

in
te

rf
er

in
g 

w
ith

 th
ei

r a
ct

iv
iti

es
 in

 a
qu

eo
us

 s
ol

ut
io

n.
 H

er
ei

n 
H

P-
�-

C
D

 w
as

 in
tro

du
ce

d 

to
 t

he
 s

ur
fa

ce
 o

f 
m

ag
ne

tic
 n

an
op

ar
tic

le
s 

(M
N

ps
) 

in
 t

he
 p

re
se

nc
e 

of
 N

H
3·H

2O
 t

o 

sy
nt

he
si

ze
 m

ag
ne

tit
e 

H
P-

�-
C

D
 c

om
po

si
te

 t
ha

t 
ca

n 
be

 u
se

d 
as

 a
 c

ar
rie

r 
in

 m
ag

ne
tic

 

ta
rg

et
ed

 d
ru

g 
de

liv
er

y.
 T

he
 c

om
po

si
te

 n
an

op
ar

tic
le

s 
w

as
 c

ha
ra

ct
er

iz
ed

 b
y 

FT
IR

, 

IC
P-

A
ES

, 
TE

M
 a

nd
 V

SM
. 

Th
e 

re
su

lts
 s

ho
w

ed
 t

ha
t 

th
e 

co
m

po
si

te
 n

an
op

ar
tic

le
s 

co
nt

ai
n 

23
.6

%
 H

P-
�-

C
D

 in
 w

ei
gh

t a
nd

 h
av

e 
sa

tu
ra

te
d 

m
ag

ne
tiz

at
io

n 
of

 5
9.

9 
em

u/
g 

w
ith

 a
 s

iz
e 

ra
ng

e 
of

 1
0-

20
 n

m
. 

Th
e 

ca
pa

ci
ty

 o
f 

co
m

po
si

te
 n

an
op

ar
tic

le
s 

fo
r 

do
xo

ru
bi

ci
n 

ad
so

rp
tio

n 
is

 8
7.

8 
�g

/m
g.

 T
he

 c
um

ul
at

iv
e 

pe
rc

en
ta

ge
 o

f 
re

le
as

ed
 

do
xo

ru
bi

ci
n 

in
 P

B
S 

bu
ffe

r 
(p

H
=7

.0
, 

0.
01

M
) 

in
 1

d,
 4

d,
 1

0d
 w

er
e 

35
.5

%
, 

49
.3

%
, 

76
.5

%
, r

es
pe

ct
iv

el
y.

 T
hu

s, 
th

e 
m

ag
ne

tit
e 

H
P-

�-
C

D
 c

om
po

si
te

s 
co

ul
d 

be
 a

 p
ot

en
tia

l 

ca
rr

ie
r i

n 
th

e 
m

ag
ne

tic
 ta

rg
et

ed
 d

ru
g 

de
liv

er
y.

 

Sc
he

m
et

ic
 st

ru
ct

ur
e 

of
 m

ag
ne

tit
e 

H
P-

�-
C

D
 c

om
po

si
te

 

C
om

po
si

te
na

no
pa

rt
ic

le
s

H
P-
	-

C
D

D
ox

Fe
3O

4
D

ox
-c

ar
ri

ed
na

no
pa

rt
ic

le
s

C
om

po
si

te
na

no
pa

rt
ic

le
s

H
P-
	-

C
D

D
ox

Fe
3O

4
D

ox
-c

ar
ri

ed
na

no
pa

rt
ic

le
s

#
5

8
#

5
7



In
te

rn
al

iz
at

io
n 

of
 M

et
al

 O
xi

de
 N

an
op

ar
tic

le
s 

 
in

 M
ul

ti-
dr

ug
 R

es
is

ta
nt

 (M
D

R
) C

an
ce

r C
el

ls
: I

nf
lu

en
ce

 o
f 

P
ol

y(
et

hy
le

ne
-b

-p
ro

py
le

ne
 o

xi
de

) c
op

ol
ym

er
 s

he
lls

 

 N
. P

ot
ha

ye
e ,

 M
. G

as
ko

, P
. H

uf
fs

te
tle

r, 
W

. C
. M

ile
s, 

R
. M

. D
av

is
,  

T.
 B

ro
ni

ch
, A

. V
. K

ab
an

ov
 a

nd
 J.

 S
. R

iff
le

, M
ac

ro
m

ol
ec

ul
es

 a
nd

 In
te

rf
ac

es
In

st
itu

te
, V

irg
in

ia
 T

ec
h,

 B
la

ck
sb

ur
g,

 V
A

 a
nd

 D
ep

t. 
of

 P
ha

rm
ac

eu
tic

al
 S

ci
en

ce
s, 

 
U

ni
ve

rs
ity

 o
f N

eb
ra

sk
a 

M
ed

ic
al

 C
en

te
r, 

O
m

ah
a,

 N
E

B
io

co
m

pa
tib

le
 m

ag
ne

tit
e 

na
no

pa
rti

cl
es

 h
av

e 
be

en
 e

xt
en

si
ve

ly
 s

tu
di

ed
 o

ve
r 

th
e 

pa
st

 
de

ca
de

 d
ue

 t
o 

th
ei

r 
po

te
nt

ia
l 

us
e 

in
 m

an
y 

bi
om

ed
ic

al
 a

pp
lic

at
io

ns
, 

su
ch

 a
s 

in
 d

ru
g 

de
liv

er
y,

 
im

ag
in

g,
 a

nd
 c

el
l s

ep
ar

at
io

ns
.  

Fo
r 

th
es

e 
di

ve
rs

e 
bi

om
ed

ic
al

 a
pp

lic
at

io
ns

, i
t i

s 
es

se
nt

ia
l t

o 
ha

ve
 

m
ag

ne
tic

 
na

no
pa

rti
cl

es
 

di
sp

er
se

d 
in

 
ph

ys
io

lo
gi

ca
l 

m
ed

ia
 

th
at

 
m

ai
nt

ai
n 

hi
gh

 
m

ag
ne

tic
 

su
sc

ep
tib

ili
ty

.  
O

ur
 in

te
re

st
 is

 in
 th

e 
po

te
nt

ia
l f

or
 m

ed
ia

tin
g 

ce
llu

la
r 

re
sp

on
se

 b
y 

in
te

rn
al

iz
in

g 
th

e 
m

ag
ne

tit
e 

na
no

pa
rti

cl
es

 w
ith

in
 c

el
ls

, t
he

n 
ap

pl
yi

ng
 a

n 
ex

te
rn

al
 m

ag
ne

tic
 fi

el
d.

   

   
   

   
  H

er
e 

w
e 

re
po

rt 
an

 a
pp

ro
ac

h 
to

w
ar

d 
w

el
l-d

ef
in

ed
 m

ag
ne

tit
e 

(F
e 3

O
4)

 n
an

op
ar

tic
le

s 
w

ith
 

am
ph

ip
hi

lic
 p

ol
y(

et
hy

le
ne

 o
xi

de
-b

-p
ro

py
le

ne
 o

xi
de

) s
he

lls
. T

he
 h

yd
ro

ph
ilic

-h
yd

ro
ph

ob
ic

 ra
tio

 w
as

 
va

rie
d 

by
 c

on
tro

llin
g 

th
e 

bl
oc

k 
le

ng
th

s 
of

 t
he

 p
ol

y(
et

hy
le

ne
 o

xi
de

) 
an

d 
po

ly
(p

ro
py

le
ne

 o
xi

de
) 

se
gm

en
ts

 re
sp

ec
tiv

el
y.

  

Th
e 

do
xo

ru
bi

ci
n 

(A
D

R
)-s

el
ec

te
d 

hu
m

an
 b

re
as

t 
ca

nc
er

 c
el

l l
in

e 
(M

C
F-

7/
A

D
R

-R
E

S
) 

w
as

 
us

e 
as

 a
 m

od
el

 fo
r M

D
R

 c
an

ce
r c

el
ls

. T
he

 a
m

ph
ip

hi
lic

 n
an

op
ar

tic
le

s 
w

er
e 

in
cu

ba
te

d 
w

ith
 th

e 
ce

lls
 

an
d 

th
e 

up
ta

ke
 o

f 
iro

n 
w

as
 q

ua
nt

ifi
ed

 w
ith

 a
 f

er
ro

zi
ne

 f
lu

or
im

et
ric

 a
ss

ay
. 

 I
t 

is
 c

le
ar

 t
ha

t 
th

es
e 

m
ag

ne
tit

e 
co

m
pl

ex
es

 e
nt

er
 th

e 
ce

ll 
bu

t t
he

 m
ec

ha
ni

sm
 o

f i
nt

er
na

liz
at

io
n 

is
 s

til
l u

nc
le

ar
.  

Fu
rth

er
m

or
e 

th
e 

in
te

ra
ct

io
ns

 
of

 
th

es
e 

w
el

l-d
ef

in
e 

na
no

pa
rti

cl
es

 
w

ith
 

ce
llu

la
r 

co
m

pa
rtm

en
ts

 a
nd

 t
he

 e
ffe

ct
 o

f 
m

ag
ne

tic
 f

ie
ld

s 
on

 n
an

op
ar

tic
le

 b
eh

av
io

r 
ar

e 
cu

rre
nt

ly
 u

nd
er

 
in

ve
st

ig
at

io
n.

TE
M

 im
ag

es
 o

f A
) 8

 n
m

 m
ag

ne
tit

e 
na

no
pa

rti
cl

es
 c

oa
te

d 
w

ith
 o

le
ic

 a
ci

d 
fro

m
 th

ei
r c

hl
or

of
or

m
 

di
sp

er
si

on
s 

B)
 n

an
op

ar
tic

le
s 

af
te

r c
oa

te
d 

w
ith

 P
P

O
-P

E
O

 re
pr

es
en

t a
 w

el
l-d

is
pe

rs
ed

 n
an

op
ar

tic
le

 
in

 p
hy

si
ol

og
ic

al
 m

ed
ia

  

10
0 

nm
 

10
0 

nm

�

#
6

0
#

5
9



�
"

%
�
#
�

�2
 

�#
%
#

6
.
�
$
�

!
�

.
��

6
!

��
%

!
�
�

��
,

��
$

!
6
"

0
6
�H

.
2.
%��

%
0

!
2 

%
�2

6
#
��

,
!

/
�

�!
�
��

%
.
�

�%
#

,
�&-

�.
&'
)
(

�"
%

�
#
�

�2
 

��
!

%
�
�

2#
�

�
�

)
*�

��+
,��

�

��

�

���7

( 7�I
	


�J
	


��
G	

�( 7��

�

�	*
	


�-
��

��
(7

- 7��
	*

$

��

�:
,�B


.
	�


�
	A 7�G


�
�"

	

�

�

"�

��
( 7��


�
��

��
��

�/
A 7��

	*
$


��
�:
,��

��
��

( 7�8

	

�

��

�
$�

�(7
- �

�
0 �
�	
��

��
��

��
�

��1
��
�


/

�


��
��

�1
��
�

��
��
��

0

�1
1

�
1

*5

�
��

//�
2
��

2�
��

��

0�1
�3

�1

�
��

�
4 �
�	
��

��
��

��

��1
��
�


/

�


0�2
��

2�
��

��

�

��5


�
��
�


�3
��

��
�/

�5
��

��
�0�

5

�
��
�


0�*
//��

�
��

5 �
�	
��

��
��

��

���

�

�
��

��
�/

�4
��

��
��
���
�0

�*/
/��

�
��
*�
��

���
��

�

���
��


�

/

�

0

�5

�
��
�


0�*
//��

�
��

A 5

�

�
��
�/

��
��
��
��
��
��
��

4�
��
��
��

��
��
�

�2
��

�

�0

��
��

�
��

�1
��

�

��

/�2
��

�
��

�

0

��
��

�
��

0�
*//

��

�
��

� �
��

��
��

	

��

��
��


��
��

��
�

��
���

��
��

�


��


��
�


���
��

��
��

��
��

��

��

��
�


���
���

��
��

��
���

��
��

��
��

��
��

��
��

��
�

�
���

��
��

��
��

��
��

�	
��

��
��

��
��

�

��

�
��

��
��

���
�

��
�

�	
��

���
��

�


��


�
	�

��
��

��
��

���
��

��
��

��
��

��
��

��

�

�
��

��
��

��
	�

��
��


�
��

��
�	

��
���

��
��

��
��

��
��

��
���

��
�
�

		
�


��
��


�
	�

��

�

��

��

��
��

���
��

��
��

��
���


	
��

��

�

��
��

��
��

��
��

��
��

��
���

��
��

��
��

���
��

��
��

��
��

��
�	


�
��

���
��


�
��

���

��

��
��

��
��

��
��

��
��

��
���

��
��

��
��

��
��

��
���

��
�
�

��
�

��
���

��
��

�

���

���
��

��
��

��
��


�
��

�!�
�"

�

��

�
��

��
��


��
��

��
��

��
��

��
��

��
��

��
��


�
�


�
��

��
�

��
��

��
	�

��
���

��
��


��
���

�
��

��
��

��
��

��
�


��
�	

��
���

��
��

��
��

�

��

���
���

��
��

��

��

��
��

��
��

��
���

��
��

��
!�

#
��

��
��


�
��

��
��

�
��

$�
��

��
��

��
��

��
��

���
��


�
��

��
��

�

��

��
��

��
%

&�
��

��
��

'
#

*
��

��
��

��
��

��
��

��
'


+
�

��
��

��
��

��
�	

��
��

���
��

��
��

��
��


�
��

��
��

��
�	

��
���

��
��

���
��

��
��

�<
��

��
�


��
��

��
��

���
��

��
��


�
��

�
��

��
��

���
��

��
��

�

�

��
�%

&=
<

��

��

�

��

��
��

��
��

!��
>�

��
�


��
�


��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
�$

��
��

��
��

��
���

��
��

��
��

��
�	

�
?!

@K
�

��
��

��
��

��
�

��
��

��
���

��
Z

�
��

��
��

��

��

�

�

��
��

��
���

��
��

�
��

�
�	

��
�\

��
��

�!
��

�
���


�

�

��
��

��
��

�

��

��
��

��
��

��
��


	
��

��
��

��
��

��

�

��
���

��
��

��
��

��
��

�	
��

���
�

��
��

��
��


�
��

��

�

��
��

��
��

��
�


��
��

��
��

��

�

��
�


�\
��

��
��

��

�

��
��

��
�


��
��

�	
�


��
�\

�

��


�
	�

��
�
�

��
��

��
��

���
��

��
�


�
��

�
��
��
��

��
�
�

��
��

��
�
�

		
�


��
�


�
��

��
��

��
��

�
�	

��
���

�
�
�

��
��

	�
��

�
��

��
��

��
��

	�
��

���
���

�
��

��
��

��
��

��
!��

>�
��


�
��

���
���

��
���

��
��

��
��

��
���

�	
��

���
��

��
��

�


��


�
���

��
��

���
�

�
��

��
��

��

�

��

�

��
��

���
��

��
��

��
��

��
��

��
��

��
���

��
��

$�
�^

��
���

��
���

�
��

��

�

��
��

���
��

��
��

��
��

�
��

�_
?K

^�
��

��
�


���
��

��
�\

��
��

��
��`

_?
{|

??
��

���
��

��
��

��
��

��
�


^��
��

��
���

��
��

�	
��

��\
��

��
��


�
��

��
��

}@
��

�
�=

	!
�

>�
��

��
�

�
�
��

��
��

�

��

���
��

��




��

�

��
��

�
��

��
��

��
���

��
��

�

��

�
�
��

��
��

��
�&

@K
��

��
��

��
��

��
���

��
��

���
��

��
�

��
��

�
^��

��
��

�


��


��
��

��
�
�

��
��

��
��

��
��


�
��


�	
	�

��
{~

?K
���

�
�


��
��

��
!��

>�
��

��
��

��

��

�
�	

��
���

�
�
�

��
��

	�
��

���
��

��
��

�
��

��
@K

��
��

�
��

�

��

��
��

��
��

��
	�

��
��

���
�

�

��

��
��

��
��

��
	�

��
\�


�
��

��
�


�
�

�	
��

���
��

��?
!`

{?
!|

>!
��>

��
��

�
�
��

���
��

��
��

��

�

��
��

�

���

��
��


��
���

�
��

��
��

��
��

��
��

��
��

��

��

��
��

��
��

�
�

�	
��

���
��

��
���

��
��

��

��

��
��

�

��

��
��

��
�


��
��

��
�

��
���

��
���

�
��

��
��

�


��


�
!�

Fo
rm

ul
at

io
n 

D
ev

el
op

m
en

t a
nd

 E
va

lu
at

io
n 

of
 M

et
ro

ni
da

zo
le

 M
ag

ne
tic

 N
an

os
us

pe
ns

io
ns

 a
s a

 
N

ov
el

 M
ag

ne
tic

 T
ar

ge
te

d 
an

d 
Po

ly
m

er
ic

 C
on

tr
ol

le
d 

D
ru

g 
D

el
iv

er
y 

Sy
st

em
 w

ith
 Im

pr
ov

ed
 

T
he

ra
pe

ut
ic

 P
ro

pe
rt

ie
s 

P.
 S

el
va

m
an

i*
, S

. L
at

ha
, S

.P
.S

ha
ra

va
na

n,
 a

nd
 G

.S
ug

an
ya

 

D
ep

ar
tm

en
t o

f P
ha

rm
ac

eu
tic

al
 E

ng
in

ee
rin

g 
an

d 
Te

ch
no

lo
gy

 
A

nn
a 

U
ni

ve
rs

ity
, T

iru
ch

ira
pp

al
li 

– 
62

00
24

, T
am

il 
N

ad
u,

 In
di

a 
Em

ai
l: 

ps
el

va
m

an
i@

re
di

ff
m

ai
l.c

om
,l

at
ha

su
ba

@
ya

ho
o.

co
.in

Po
or

ly
-w

at
er

-s
ol

ub
le

 c
om

po
un

ds
 a

re
 d

iff
ic

ul
t t

o 
de

ve
lo

p 
as

 d
ru

g 
pr

od
uc

ts
 u

si
ng

 c
on

ve
nt

io
na

l 
fo

rm
ul

at
io

n 
te

ch
ni

qu
es

 a
nd

 c
au

se
s 

in
ac

cu
ra

te
 d

os
e 

de
liv

er
y,

 lo
w

 s
ta

bi
lit

y 
an

d 
po

or
 b

io
av

ai
la

bi
lit

y.
 T

he
 

us
e 

of
 

na
no

te
ch

no
lo

gy
 

to
 

fo
rm

ul
at

e 
po

or
ly

-w
at

er
-s

ol
ub

le
 

dr
ug

s 
as

 
na

no
su

sp
en

si
on

s 
of

fe
rs

 
th

e 
op

po
rtu

ni
ty

 
to

 
ad

dr
es

s 
m

an
y 

of
 

th
e 

de
fic

ie
nc

ie
s 

as
so

ci
at

ed
 

w
ith

 
th

is
 

cl
as

s 
of

 
m

ol
ec

ul
es

. 
N

an
os

us
pe

ns
io

n 
of

 m
ag

ne
tic

al
ly

 t
ag

ge
d 

m
et

ro
ni

da
zo

le
 w

as
 d

ev
el

op
ed

 a
nd

 e
va

lu
at

ed
 f

or
 t

he
 o

ra
l-

co
nt

ro
lle

d 
an

d 
ta

rg
et

ed
 d

el
iv

er
y.

 T
he

 m
et

ro
ni

da
zo

le
 m

ag
ne

tic
 n

an
os

us
pe

ns
io

n 
w

as
 fo

rm
ul

at
ed

 b
y 

us
in

g 
so

lv
en

t 
di

sp
la

ce
m

en
t 

m
et

ho
d 

co
up

le
d 

w
ith

 u
ltr

as
on

ic
at

io
n;

 w
ith

 m
ag

ne
tit

e 
as

 t
he

 t
ar

ge
tin

g 
ag

en
t; 

po
ly

vi
ny

l p
yr

ol
lid

in
e 

an
d 

m
et

hy
l c

el
lu

lo
se

 a
s 

po
ly

m
er

s;
 s

pa
n 

60
 a

s 
su

rf
ac

ta
nt

 a
nd

 m
et

hy
l p

ar
ab

en
 a

s 
pr

es
er

va
tiv

e.
 T

he
 p

ar
tic

le
 s

iz
e 

of
 t

he
 d

is
pe

rs
io

n 
of

 m
et

ro
ni

da
zo

le
 i

nc
or

po
ra

te
d 

w
ith

 m
ag

ne
tit

e 
an

d 
po

ly
m

er
 w

as
 r

ed
uc

ed
 to

 n
an

os
ca

le
 b

y 
ul

tra
so

ni
ca

tio
n,

 a
nd

 th
er

eb
y 

th
e 

su
sp

en
si

on
 s

ta
bi

lit
y,

 s
ol

ub
ili

ty
, 

ab
so

rp
tio

n,
 r

el
ea

se
 a

nd
 b

io
av

ai
la

bi
lit

y 
w

as
 i

m
pr

ov
ed

. P
re

fo
rm

ul
at

io
n 

st
ud

ie
s 

w
er

e 
pe

rf
or

m
ed

 f
or

 th
e 

ev
al

ua
tio

n 
of

 d
ru

g-
ex

ci
pi

en
t 

co
m

pa
tib

ili
ty

; 
ot

he
r 

fo
rm

ul
at

io
n 

pa
ra

m
et

er
s 

su
ch

 a
s 

co
nc

en
tra

tio
n 

of
 

su
rf

ac
ta

nt
, p

H
, t

em
pe

ra
tu

re
, s

on
ic

at
io

n 
am

pl
itu

de
 a

nd
 ti

m
e 

w
er

e 
op

tim
iz

ed
.  

Th
e 

m
et

ro
ni

da
zo

le
 

m
ag

ne
tic

 
na

no
su

sp
en

si
on

 
w

as
 

ev
al

ua
te

d 
(i)

 
by

 
ph

ot
on

 
co

rr
el

at
io

n 
sp

ec
tro

sc
op

y 
fo

r 
its

 a
ve

ra
ge

 p
ar

tic
le

 s
iz

e 
- 

34
5 

nm
, s

iz
e 

di
st

rib
ut

io
n 

- 
68

nm
 to

 1
48

0n
m

 (
Fi

g.
-1

), 
ze

ta
 

po
te

nt
ia

l -
15

.2
 m

V
 a

nd
 p

ol
yd

is
pe

rs
ity

 in
de

x 
- 0

.6
80

; (
ii)

 b
y 

py
kn

om
et

er
 fo

r i
ts

 d
en

si
ty

 - 
0.

80
4 

gm
/c

c;
 

(ii
i) 

by
 o

pe
n 

en
d 

re
ci

pr
oc

at
in

g 
di

al
ys

is
 tu

be
 in

 U
SP

 d
is

so
lu

tio
n 

ap
pa

ra
tu

s 
fo

r i
ts

 in
-v

itr
o  

dr
ug

 re
le

as
e 

at
 

pH
 1

.2
 u

nd
er

 th
e 

in
flu

en
ce

 o
f e

xt
er

na
l m

ag
ne

tic
 fi

el
d 

an
d 

no
rm

al
 c

on
di

tio
ns

 a
nd

 it
s 

ki
ne

tic
s 

w
as

 fo
un

d 
to

 fo
llo

w
  K

or
sm

ey
er

:P
ep

pa
s 

eq
ua

tio
n 

an
d 

dr
ug

 re
le

as
e 

is
 b

y 
di

ff
us

io
n 

m
ec

ha
ni

sm
; a

t p
H

 7
.0

 u
nd

er
 th

e 
in

flu
en

ce
 o

f e
xt

er
na

l m
ag

ne
tic

 fi
el

d 
an

d 
no

rm
al

 c
on

di
tio

ns
 a

nd
 it

s k
in

et
ic

s w
as

 fo
un

d 
to

 fo
llo

w
 H

ig
uc

hi
 

eq
ua

tio
n 

an
d 

dr
ug

 re
le

as
e 

is
 b

y 
di

ff
us

io
n 

an
d 

er
os

io
n 

m
ec

ha
ni

sm
; (

iv
) b

y 
m

ag
ne

tic
 s

us
ce

pt
ib

ili
ty

 m
et

er
 

fo
r 

its
 in

cl
in

at
io

n 
to

w
ar

ds
 m

ag
ne

tic
 f

ie
ld

 -
 4

 x
 1

0-5
; (

v)
 s

ur
fa

ce
 m

or
ph

ol
og

y 
w

as
 e

va
lu

at
ed

 b
y 

at
om

ic
 

fo
rc

e 
m

ic
ro

sc
op

y 
- s

m
oo

th
 te

xt
ur

e 
(F

ig
.- 

2)
; (

vi
) n

o 
ch

an
ge

 w
as

 o
bs

er
ve

d 
in

 th
e 

ab
ov

e 
pa

ra
m

et
er

s 
up

on
 

st
ab

ili
ty

 s
tu

di
es

 c
ar

rie
d 

ou
t a

t 2
5¼C

 a
nd

 6
5%

 r
el

at
iv

e 
hu

m
id

ity
 f

or
 6

0 
da

ys
; (

vi
i) 

re
di

sp
er

ab
ili

ty
 –

 th
e 

m
ag

ne
tic

 n
an

os
us

pe
ns

io
n 

w
as

 s
ta

bl
e 

an
d 

co
ul

d 
be

 e
as

ily
 r

ed
is

pe
rs

ed
 o

n 
sh

ak
in

g;
 (

vi
ii)

 a
ss

ay
 -

 d
ru

g 
co

nt
en

t w
as

 fo
un

d 
to

 b
e 

99
.7

%
 w

he
n 

an
al

ys
ed

 s
pe

ct
ro

ph
ot

om
et

ric
al

ly
 a

t 2
77

 n
m

; (
ix

) o
th

er
 p

ro
pe

rti
es

 
su

ch
 a

s 
vi

sc
os

ity
 -

 0
.8

87
 c

P,
 p

H
 –

 6
.8

, d
en

si
ty

 –
 0

.8
0 

gm
/c

c 
an

d 
co

nd
uc

tiv
ity

 -
 0

.1
27

 m
S/

cm
  

(x
) 

an
th

el
m

en
tic

 a
ct

iv
ity

 –
 th

e 
tim

e 
ta

ke
n 

fo
r 

th
e 

pa
ra

ly
si

s 
or

 d
ea

th
 o

f 
ad

ul
t I

nd
ia

n 
ea

rth
w

or
m

 P
he

re
tim

a 
po

i  a
t a

 c
on

ce
nt

ra
tio

n 
of

 1
0 

m
g/

m
l a

nd
 5

0 
m

g/
m

l w
as

 1
20

 a
nd

 3
0 

m
in

ut
es

 re
sp

ec
tiv

el
y.

  
Th

e 
m

et
ro

ni
da

zo
le

 m
ag

ne
tic

 n
an

os
us

pe
ns

io
n 

w
as

 d
ev

el
op

ed
 a

nd
 o

pt
im

iz
ed

; f
ur

th
er

 th
e 

in
-v

itr
o 

an
d 

in
-v

iv
o  

ev
al

ua
tio

n 
re

su
lts

 w
er

e 
ve

ry
 m

uc
h 

pr
om

is
in

g 
w

ith
 a

 b
et

te
r 

co
nt

ro
lle

d 
an

d 
ta

rg
et

ed
 d

ru
g 

ac
tio

n 
an

d 
w

ill
 b

e 
a 

be
tte

r t
he

ra
pe

ut
ic

 a
ve

nu
e 

in
 c

om
ba

tin
g 

th
e 

G
I d

is
or

de
rs

 su
ch

 a
s h

el
m

en
th

ia
si

s. 
 

Fi
g.

1 
Si

ze
 d

is
tr

ib
ut

io
n 

of
 m

et
ro

ni
da

zo
le

 m
ag

ne
tic

 
na

no
su

sp
en

si
on

 b
y 

ph
ot

on
 c

or
re

la
tio

n 
sp

ec
tr

os
co

py
 

Fi
g.

2 
A

FM
 p

ho
to

gr
ap

h 
of

 m
et

ro
ni

da
zo

le
 m

ag
ne

tic
 

na
no

su
sp

en
si

on
 

#
6

2
#

6
1



�
�

�
�

D
E

V
E

L
O

PM
E

N
T

 O
F 

A
 M

A
G

N
E

T
IC

 S
Y

ST
EM

 F
O

R
 T

R
E

A
T

M
E

N
T

 O
F 

H
el

ic
ob

ac
te

r p
ilo

ry
 IN

FE
C

T
IO

N
S 

É
ri

ca
 L

. S
ilv

a1 , J
ul

ia
na

 F
. C

ar
va

lh
o1 , T

ha
le

s R
en

an
 F

. P
on

te
s1 , E

lq
ui

o 
E

. O
liv

ei
ra

1 , 
B

ár
ba

ra
 L

. M
. F

. C
ar

ri
ço

2 , A
ld

o 
C

. M
ed

ei
ro

s3 , E
. S

óc
ra

te
s T

. d
o 

E
gi

to
1,

 3
, A

rt
ur

 d
a 

Si
lv

a 
C

ar
ri

ço
4 . 

1 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
o 

R
io

 G
ra

nd
e 

do
 N

or
te

, D
ep

ar
ta

m
en

to
 d

e 
Fa

rm
ác

ia
, L

ab
or

at
ór

io
 d

e 
Si

st
em

as
 D

isp
er

so
s (

LA
SI

D
), 

B
ra

zi
l 

2 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
o 

R
io

 G
ra

nd
e 

do
 N

or
te

, D
ep

ar
ta

m
en

to
 d

e 
M

ed
ic

in
a,

 B
ra

zi
l 

3 Pr
og

ra
m

a 
de

 P
ós

-G
ra

du
aç

ão
 e

m
 C

iê
nc

ia
s d

a 
Sa

úd
e,

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
o 

Ri
o 

G
ra

nd
e 

do
 N

or
te

, 
R

ua
 G

al
. G

us
ta

vo
 C

. d
e 

Fa
ria

s s
/n

, N
at

al
/R

N
 5

90
10

-1
80

, B
ra

zi
l 

4 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
o 

R
io

 G
ra

nd
e 

do
 N

or
te

, D
ep

ar
ta

m
en

to
 d

e 
Fí

si
ca

 T
eó

ric
a 

e 
Ex

pe
rim

en
ta

l, 
B

ra
zi

l 
e-

m
ai

l: 
er

ic
al

ira
@

ya
ho

o.
co

m
.b

r 

H
el

ic
ob

ac
te

r 
py

lo
ri

 h
as

 b
ee

n 
sh

ow
n 

to
 c

au
se

 p
ep

tic
 u

lc
er

s. 
Th

e 
tre

at
m

en
t o

f c
ho

ic
e 

ha
s 

co
m

m
on

ly
 b

ee
n 

ba
se

d 
up

on
 a

 t
rip

le
 t

he
ra

py
 c

om
bi

ni
ng

 t
w

o 
an

tib
io

tic
s 

an
d 

an
 a

nt
i-

se
cr

et
or

y 
ag

en
t. 

Fu
rth

er
m

or
e,

 a
n 

ex
te

nd
ed

-r
el

ea
se

 p
ro

fil
e 

is
 o

f 
ut

m
os

t 
im

po
rta

nc
e 

fo
r 

th
es

e 
fo

rm
ul

at
io

ns
. A

s 
m

ag
ne

tit
e 

pa
rti

cl
es

 m
ay

 b
e 

re
ta

in
ed

 in
 th

e 
ta

rg
et

 b
y 

th
e 

ac
tio

n 
of

 
a 

m
ag

ne
tic

 f
ie

ld
, t

he
ir 

us
e 

ha
s 

be
en

 p
ro

po
se

d 
as

 a
 p

ro
m

is
in

g 
ap

pr
oa

ch
 t

o 
lo

ca
l 

dr
ug

 
de

liv
er

y.
 T

he
 a

im
 o

f 
th

is
 w

or
k 

w
as

 t
o 

de
ve

lo
p 

Eu
dr

ag
it-

co
at

ed
 m

ag
ne

tic
 s

ys
te

m
 

co
nt

ai
ni

ng
 th

e 
an

tib
io

tic
 a

m
ox

ic
ill

in
. 

Fi
rs

t, 
m

ag
ne

tit
e 

pa
rti

cl
es

 w
er

e 
pr

od
uc

ed
 b

y 
co

pr
ec

ip
ita

tio
n 

of
 i

ro
n 

sa
lts

 i
n 

al
ka

lin
e 

m
ed

iu
m

. 
Th

e 
se

co
nd

 s
te

p 
co

ns
is

te
d 

of
 c

oa
tin

g 
th

e 
pa

rti
cl

es
 a

nd
 a

m
ox

ic
ill

in
 w

ith
 

Eu
dr

ag
it®

 S
-1

00
 b

y 
th

e 
sp

ra
y-

dr
yi

ng
 t

ec
hn

iq
ue

. 
Th

e 
sa

m
pl

e 
ch

ar
ac

te
riz

at
io

n 
w

as
 

pe
rf

or
m

ed
 b

y 
sc

an
ni

ng
 e

le
ct

ro
n 

m
ic

ro
sc

op
y,

 o
pt

ic
al

 m
ic

ro
sc

op
y 

(F
er

re
t Ãs

 d
ia

m
et

er
 

pr
in

ci
pl

e)
, t

he
rm

og
ra

vi
m

et
ric

 a
na

ly
si

s a
nd

 v
ib

ra
tin

g 
sa

m
pl

e 
m

ag
ne

to
m

et
ry

. 

A
cc

or
di

ng
 

to
 

th
e 

sc
an

ni
ng

 
el

ec
tro

n 
m

ic
ro

sc
op

y,
 

th
e 

m
ag

ne
tic

 
pa

rti
cl

es
 

w
er

e 
su

cc
es

sf
ul

ly
 c

oa
te

d 
by

 E
ud

ra
gi

t, 
re

su
lti

ng
 in

 n
ea

rly
 s

ph
er

ic
al

 p
ol

ym
er

ic
 p

ar
tic

le
s 

w
ith

 a
 

m
ea

n 
di

am
et

er
 o

f 
14

.3
2 

 2
.4

6 
m

. 
Th

e 
m

ag
ne

tit
e 

an
d 

am
ox

ic
ill

in
 c

on
te

nt
 i

n 
th

e 
po

ly
m

er
ic

 
m

ic
ro

pa
rti

cl
es

 
w

as
 

as
se

ss
ed

 
by

 
th

er
m

og
ra

vi
m

et
ric

 
an

al
ys

is
. 

Th
e 

m
ic

ro
pa

rti
cl

es
 w

er
e 

fo
un

d 
to

 b
e 

su
pe

rp
ar

am
ag

ne
tic

, 
w

ith
 a

n 
in

iti
al

 s
us

ce
pt

ib
ili

ty
 

co
nt

ro
lla

bl
e 

by
 th

e 
m

ag
ne

tit
e 

co
nt

en
t i

n 
th

e 
su

sp
en

si
on

 fe
ed

in
g 

th
e 

sp
ra

ye
r. 

O
ur

 re
su

lts
 s

ug
ge

st
 a

 p
os

si
bl

e 
w

ay
 to

 tr
ea

t H
el

ic
ob

ac
te

r 
pi

llo
ry

 in
fe

ct
io

ns
, u

si
ng

 a
n 

or
al

 
dr

ug
 d

el
iv

er
y 

sy
st

em
, 

co
ns

is
tin

g 
in

 m
ag

ne
tit

e 
m

ic
ro

pa
rti

cl
es

 a
nd

 a
m

ox
ic

ill
in

, 
in

 a
 

po
ly

m
er

ic
 m

at
rix

 w
hi

ch
 is

 re
si

st
an

t t
o 

lo
w

 p
H

 v
al

ue
s. 

A
no

th
er

 im
po

rta
nt

 fi
nd

in
g 

in
 th

is
 

w
or

k 
is

 th
at

 it
 o

pe
ns

 n
ew

 p
ro

sp
ec

ts
 to

 c
oa

t m
ag

ne
tic

 m
ic

ro
pa

rti
cl

es
 b

y 
th

e 
te

ch
ni

qu
e 

of
 

sp
ra

y 
dr

ye
r. 

Fi
g.

1.
 S

ca
nn

in
g 

el
ec

tro
n 

m
ic

ro
sc

op
y 

im
ag

es
 o

f p
ol

ym
er

ic
 m

ag
ne

tic
 p

ar
tic

le
s (

w
ith

 a
m

ox
ic

ill
in

). 

#
6

4
#

6
3



�
 
�

!
�

0
!

%
��
�
�

!
�/

.
26
#

�%
#

%
�H

.
2.

�6
��

�
"

%
�
#
�

�2
 

%
��

H
��

/
2,
�

,
�#

%
#

6
.
�
$
�

!
�

.
�

�
�
,�-

��
��

7�7
A ��
,�G

�*
�.


�
7( ��

,��
	��


�
	��	

7( �C
,��


�
�


7( �

��

�)
,��

�

��

�

��-7

A�

�
� :

��

�

�.
��

���
'��

	�
.

��
	*


�
�?

��
	�

��
�	�

�7
� �

�	�
�	


�
 �


�
	��

��
��

'��
�*

$�
��

��
"7

��
$	

*

��

7� 
G�

�( ��
*



�
��

*$
��

�	
#�

�

	�"

�8
�


��$
�-

*	
��

*�

�

�
��

��
�7�
)

�

�	�

7��
�*




��

- :
��


�
�.

��
�


��
'�@

��
��

��
�"

�

��

�@
��

��

�

��
��

"7
�@

8�
8

��
��

��
���
�

�	
#�

�

	�"

7�@
��

�8
��

��
�

A :
��


�
�.

��
���

'�@
��

��
��

�"
7��

�	
#�

�

	�"

��
'��

$	
*


��
��

��
	*


�
��

��
��

�7�
�

$	
*


��
7�

 ��
	�

�	

�

�
� �$

��
!�

��
��

!�

	

��
!


��	
��

��
�

�
�

��
�.

!�
�	

�

�


��
	�

$�
�!

��
*�


�
��

'�
�*

�	�
��

�*
*�

��
	�

��
.

�

��

.
��

	*

�

	�
�


�'�
�.

��$
�	

��
�'

'�
*�

	#
��

��
�	#

��
"�

��
��$

��
!�


	
��

�

��

�*
$"
.


,
��

9
��

�
��

��
	�

��
��


�
��

�
��

�

��

�"
��

$�
�	�

��
�


*�
	�

�

��

'�
'��

��
"�

*	
�*

��

�

	�
��

�

��


�
$�

��

�

��
��

$�
��

�
�

�'
��

*�
	�

��
��

�	�
��

.

�

��
�	*

��
�	

�

�*

��
��

�

��

��
��

'	�
��

�!
�


	�
��


��
��

���
�	

��
��

�	�
	/

	�
��

�*
��

��

�

�.

�

��
�	*

�'	
��

�

,��

9
��

�.
��

�"
��

�

��

��
��

���
��


�
�!

�

	�

��
��

'�

	

��
�.

��
$�

��
��

�

��

�"
��

$�
��

�
�

�	
��

��
�	�

"�
�


	�
��

�
G)

��
G9
)

�.

�

��
�	*

��

�

�

�$

��
�

,��

�$
��

�

��


�
$�

��

�

�
��

��

"

��
$�


	
/�

��
�


	�
��


�
��

�!
��

�
�.

��

	

��
�.

��
$�

��
*�

�

�	�

��

�

!	
��

��
�


�

!�

��

�

�'

*�

��
	�$

��
�*


�

�

�

��

��
.


�
��

�	�
��

	�
��$

��
*�

��
,��

�$
��

��
��

��
�


��
'��
*�

��
	.

��
�


7��

*

$�
�

	�$
�'�

��
�


�	
.


�

7

��
��

��
��

�'�
�.

��
���

��
'�


	
��

�
�

	�$
��


�
�


�$
��

�

�


��
��

7�
�*

��

�

��
��

��

�
.


�
��

��
'	�

��
�


��
��

7�

�

��
���


�
.

��
��

�
	�$

�!
��

$�
�


��

�

$�
��


�

�

��

�

��
*�

��
�


��.

�

��
�	*

�'	
��

�,
���

��
��

�'�
��

���

�

��

��


	
��

��$
��

- 8
��

	

/�

�

.

�
��


�
���

	�
�	

*

��

��
!�

�$
��

$�
��


�
�


�$
��

�

�


��
��

�

��

��
$�

�.

�

��
��


�
��

��
�


#�
��

��
.


�
�'

��
�

�
#


��
�


��
'��
,�

- 
��

��
��
, 

�A
A�

�

��

��
,�

A(
��
.

G1

1

��
��

��
,A

A�
��

7��
�


��
*�

	#
��

",
��8

��
�#

��
7��

$�
�

*�
.

!	
�


�	�
��

�'
��


�
�


�$
��

�

�


��
�


��
�*

��
��


�
�.


�
��

�	*
�'

��
*�

���
��

��
�


��
��


�
	#

��
*


�	
��


�"
�

'��
�

�	
�*

��




��
��

��
,�

��
A�
.

G1

1

��
��

��
,�

��
��

��
$	

*$
7�

�$
��

�$
�$

	�
$�

�7�
�




�


�	�
��

�
	�$

	�
��

$�
�

��
�.


�
��


��
��

��
,�

A�
�,

� 
�.

G1

1

��
,��

;�
��$

��
.

��
�7

��
�

��
	�

��
��

	�"
�.

�


�

��
.

��
�


��

	

��
��A

�
�


�
*�

�

��

��

�

���
��

	�
�$

	�
$�

���
$


��
*�

��
��

���
�,

��
- 

�.
�1�

��#
��

�.
��

#

��

�

��

$	
*$

��
��

��
�,

�(
� 

�
��

��
,�

A�
7��
,�

(-
 �

��
��
,A

(�
�7�


�
��

�,
�(

�-
�.

�1�
���

��
,�

( 
-�

�'�
���


�
�


�$
��

�

�


��
��

7�.

�

��
��


�
��

�7
�


��
��


�
�


�$
��

�

��

	�$
��
*�

�

��

��
��

�.

�

��
�	*

�'
	�

��

7

��
�


��
*�

	#
��

",
��

 �
�


�.
.


�
"7

�
�$

�

��

��

�

��

�

	�
�	

*

��

�
�$


�
�
.


�
��

�	*
�

��
	�


�
*�

�
�'

�
'��

��
"�

*	
�*

��

�

	�
�7

�
.


�
��

�	*
�

�

��


�
$�

��

�

��
��$

��
!�


	
��

�

��

�

*�

�


�

�$
��

��
�

��

��
.

��
���

�$

#

��
��

�

!�

��
.


�
�	.

�

*�

��
'�

�$
��

	�
��	

*

��

��
�

��
'�

�*
�	�

��

�

��
$�

�*
�7

�.

�

��
�	*

��
�	

�

�*

��
�'

�.
��

	*

�

	�
�


��
��

�$
��

!�

	

��
.


"
�!

��

�

'�




	!
��

���
*$

��
��

�"
�'�

���
��

��
��

�	#
��

",
���

� �

�
&-

�.
&'
)
(

�0
26
 

6
"
�

%
�2

0
2�

2�
H�

�
6
��

,
!

/
�

� 
%

!
!

2�
!

.
��

6
!

�"
�

,
2 

%
��

%
�
�
�2
 

%
�2

6
#

.
�

�
�
,�-

��
��

�7
( 7�G

,��

"

��
�( 7��

,�B

.

	�

�

	A 7��
�
,�G

��
#�

"( 7��
,��

��
�/

A 7�I
,�G

	�
( �


��
�)
,��

�

��

�

��(7

-�

�
0 �
�	
��

��
��

��

���

�

�
��

��
�/

�4
��

��
��
���
�0

�*/
/��

�
��
*�
��

���
��

�

���
��


�

/

�

0

�5

�
��
�


0�*
2�

4 �
�	
��

��
��

��

��1
��
�


/

�


0�2
��

2�
��

��

�

��5


�
��
�


�3
��

��
�/

�5
��

��
�0�

5

�
��
�


��

5 �
�	
��

��
��

��
�

��1
��
�


/

�


��
��

�1
��
�

��
��
��

0

�1
1

�
1

*5

�
��

//�
2
��

2�
��

��

0�1
�3

�1

�
��

A 5

�

�
��
�/

��
��
��
��
��
��
��

4�
��
��
��

��
��
�

�2
��

�

�0

��
��

�
��

�1
��

�

��

/�2
��

�
��

�

0

��
��

�
��

0�
*//

��

�
��

� � �$
��

��
#�

��
�.

��
���

'��
��

��
*


��	
��


�
'�

��
!	

�.
��

	*

�

�

��

�	*

�

	�
�


��
$	

*$
�


��
�.

	�
��

��
	�

�

	/

�7
�

F�

�

��
��

��
$�

'�
��

��
��


�
�	*

��
��


"

�

�.
	*

�*
	�*

��

�

	�
�7

�

��

��
�



�




��
$�

�*

�


!
	�	�

"�
��

��
#


��
�

�$
��

	�
��	

*

��

�	.
.

��
��

��
'�

�

��


"

�

�.
�	


��
'��

��

�

�!
	�
.

��
	*


�
�	�

��
��


�
�


��
���


�

�

*$
�'�

*�

,

��
8

��
�#

��
7�

��

�

	��
��

$�
�	
.

��
�



	
#�

�

�#


�
*�


�
�'

��
�


��
�$


�
.


*
��

�	*

�

�*
��

��
��

��
��

	#
��

"�

�

�

��

�	
�


�
$


#�
�

"�
��

��
�

�#
��

*�
.

��
��

��
	�

$�
��

��
�

*$

�

��
��

�

��

;	
�


�7�

�

��
��

�	

��

�
�$


�
.


*
��

	�
��

	*

�


�
��

�
	�

��
�$

��
��

��
�*


�
�	�

��
��

�*
��

*�
��

�

��

�

��

�$
��


�
��

�	*
��

�#
��


F
�


��
7�


�
*�

��
7�

!	
�*

�.
�


�	!
	�	�

"�
�

$	
*$

�	

��

$�
�


!	
�	�

"�
�'

�

�*


�
�	�

��
��

��
#�

��
�


��

�

��
��

�	

��

�$
�


��
��


�
��


�
�!

��
�


�

��

�$
��

J�

�

	�"
��

'��
��

�$

#

	�
��

��
*	

*�
��

�	�
F�

�	�
�


��
''�

*�

,

��9
��

�
��

��
	�

��
��


�
��

�
	�

��
�


	�
�	

��
�


��
�#


�
	�


�
	�

��

�

*�
.

��
�$

��

	

#�
���


�
�!


�
��

�"
���

��
#


��

�

��
�$

��
	.
.

��
��

��
	*

	�"
�


�
��

*�
���

�

���

�*
	*

	�"
��

'�

��

��
��

��
�	#

��
"�

��

�

'�
�.

��
��

��
�


��
�"

�	�
��

��
��

���
��

��
�	

*�
�


��

��

�

��"

7�
��

�*
�	�

	*

�

�

�


��
��$

��
��


�
	�

��
*�

	�
	*


�
��

��
��

��	
�

,��

;�
���

��
�!

	�
��

�	
*


��





�


.

��
�7�

�$
��

��

�

�
!


���
�"

�
*�
.

��
��

��

�

�
��

��
!



�
��

��
�-

�
*�

	��
�	


��

�

�
!	

��
��

	*

�

�
*�
.

�

�	!

	�	�
"�

��
��

��
	�

�

!


�
�!


�
*�

7�
*�
.

��
�.

��
��


*
�	#


�
	�

�7
�
.


*
��

�$

�

��
��

�

��

7�
*�

���
��
*	

*	
�"

7�
*�

���
#	


!
	�	�

"1
��

��
	'�

�

�	�

��
F�!

��*
��

��
�


�	�
��


�
��

#

�	�

	�"
��

'��
$�

���

�

���

�

��

��

	�$
���


�
�*

���
��

��
�2

�2

 �

��
�'�

�.

�

*�
F�


��
�*

���
��


�
	#

��
�



�
�


��
�	�

�*
��

�

	#

��
�



�
�'

��$
��

��

�

�!

�

��
�"

7�	
,�
,7�

'�
���


�
��

�

*


�
��


*
��

��
	�

�,
��

�

�

��
�	*

��
G9
)1

�
G)

��
?9

�!




��
��


�
�*


�
�	�

�

�


��
��

$�
	��

	�
�	

#	
��


�
�

*�
.

��
��

��

�

�
��

��
��


�
��

�'�
��	

��
�*

��
�	.
.

��
��

��

�

��

�

��$
��

�$
�.


*
��

�$

�

��
��

�

��

�

��

�

�

	.
��


�
	�

�7
�*

��
��

�

��
.

�.
!�


�
��

�

.


�
�7

�*
��

��
��
*	

*	
�"

7�

�

��
*�

���
�


��
��

��

�


�
	�

��

�

��
��

��
	'�

�

�	�

�,
���

$�
�'�

�*
�	�

��

�

��
	.

�

*�

��
'��

$�
��

�	.

�

"�
*�
.

��
��

��

�

�'
�*


�
�	�

���
��

��
�


��
�"

�
��

G9
)

7�.
�

?
9

7�.

�

��
�	*

�	�
��

���
��

	.
.

��
��

��

�

��

�

��$
��

�$
��$

��
.

��
��

�*
��


�
��

$

��

*"
��

�

"


�
�.

��
�

�
-

�7�
*�

���
�


��
.

�.
!�


�
��

�

.


�
��

�*
�.

��
	.

��
��


*
�	#


�
	�

��
7�

�	
��

*�
�*

"�
��

�*
	*

	�"
7�


�
��

�#
��


�
��

*�
���

�

��

#	

!

	�	
�"

�

��

��
��

��
��

��

�

��

�

#	

!

��
7�

!	
��

��
	*


�
�





�



.
��

�

��

��
��

�!
�


	�
��

�!




��
��

��
�$

��
*


��
	�

��
�$

"

	�

�*
$�
.

	*

�

��
��

��
��	

�

,��

�$
��

��
�


��
��

��

�

��
	�


�

�

��
.

��
$�

�

��

��
#	

��
��

$�
��

�

�


�*
$�

��
�

	�$
�


��
�


*�
	*


�
7�

��
�


�	#
��

	�
�*

��
�


	#
��


�
��

!	
�*

�	�
	*


�
�"

�
��

�	
*


��.
��

$�
��

'�
��#


�
	�


�
��

���
�2

���

�

��

�

	�
��

�'
��

��
��

*

��	

��

,

���
���

���
���

��
�

#
6

6
#

6
5



"
�"
��
��&
��
�+

��
��
$�
$�

��
�"
��
�$

�,
��

"�
,
��
��
��

+�
%

&�
#�
��
��
��

0
�#

#$
�0
��
��

�0
��
��
��

�
�

�
,�-

��
��

7�7
(�

�G
,��


"
��

�7( ��
,�G

��
#�

"7
( �-
,�8

��
�/
.


�
7( �


��
�)
,��

�

��

�

��7

��

�
� :

��

�

�.
��

���
'��

	�
.

��
	*


�
�?

��
	�

��
�	�

�7
� �

�	�
�	


�
 �


�
	��

��
��

'��
�*

$�
��

��
"7

��
$	

*

��

7� 
G�

�( :
��


�
�.

��
���

'�@
��

��
��

�"
�


��
�-

��
��

�"
7��

$�
��

�	
#�

�

	�"

��
'��

$	
*


��
7��

$	
*


��
7� 

G��

- :
��


�
�.

��
�


��
'�@

��
��

��
�"

�

��

�@
��

��

�

��
��

"7
�@

8�
8

��
��

��
���
�

�	
#�

�

	�"

7�@
��

�8
��

��
�

��
*


#	
��


�
��

��
��

��
",

!

�,

�*
$	

*

��
,�

��
�

� :
��

��
��

�	#
��

"�
��

��$
��

!�

	

��
	


��
	''

	*
��

���
��

���
��$

��
!�

��
��

!�

	

��
!


��	
��

���
�

�
���

$	
*$

�
��

�#
��

�

���


�

�

��
��	

��
��

�$
��

!�

	

�,
���


�
��

��
��

��
��

��
��

	#
��

"�
�$


�
�*


�
�*

��




��$
��

�
��

�
�

��
��

��
�



�
	*


�
�"

���
��

*�
�


	�
��

�'
'�

*�

�


�
��

�'
'�

��!
��

��
���

��

�
.

��
���

��
�


�	�
��


,
��9

��

�

��

�

��
"	

��
�


��
�	�

#�

�

	�

�

	�
��


�
.


�
��

�	*

�

�"
��

�	
��

��

�

��
�


��
��

��
�*


�
�	�

��

"


��
.

�'�
��

��
�	#

��
"�


*
��




��$

��
!�

��
��

!�

	

��
!


��	
��

���
�

�
��!




��

��
��

�

��


*

�

��
��

*$
��

��
�"
,��

$�
�

�
�

�
�*

��

	


�

�

�'
��$

��
*


�	
��


�"
��


�
���

	�$
	�

��$
��

!�

	

��
*�
.

��

�

��
�'

�

��

*	

�

	/
��

�
��

��
�$

��
	


��*
��

�

��

	�$
��	

�$
��	

��
��

*�
���

�

��F

��
*�

	�
�


��
$	

*$
�.


�
��

�$
��

!�

	

��
	.

��
�.

�

!�

��
��

��

�

��
�


��
�!

��
�.

��
�*

��
�


��

*�

	�
��


�
�*

	'	
*�

��

�


��
���

�

�$

��
*�

�.
�


���
$�

�

��

��
	*

�

�

��
�


�

��

��
**

��
��

��
'��
.

��$
��

!�

	

�,
���

$�
��

��
��

��
��

��	
�


�

��

��

�

'�
��!

�*

�


�
��$

�"
�*


�
�

��
�#

��
���

�*
	�


�
'��
.

��
��

��
	�

��
	�

��
��$

��
!�


	
��

�$
��

�'
��

�7
�	�

�	

��

'�#
	�


��	
.

��
��


�*
��

�$

�

��
$	

��
�

�$
��

��
��

�.
�


��*
��




�	�

�*

�

��
���


.

�

��
�$

��
��

�
,�

� 9
��

$

#�

��
��

��

�

��

�

��
#�

���
��

	#
��

"�

"


�
�.

��
�	�

	/
	�

��
��


	
��

��
�.


�
��

�	*
��


�
��


�
�	*

��

�

�
$	

*$
�


��
�!

	�
��

��

�


!
��

�

��

��
��

���
*	

*,
���

$�
���

�2
���

�

�
��

�.
��

��
��

��

�

��
�


	�
��

	�
��

��
�

�

!�

�

��

�"
�*

��

	


�

�

�'
���

��
�


"�
�


��
'�*

��
�


7��

�

�!
�


	�
��

��
��

$�
�	


��

��

��

��



�
��

*"
��

�*
��

�

7�

��
��

��
��

�*
��

�

��

��
*�


�
��

�'	
���

�

�'�

���
�

�
���


�

�

��
��


��
�	

�

,��

9
��

	�
#�


�
	�


�
��

��$
��

'�




	!
	�	�

"�
�'

�*
��

��
*�

	�
��

�'
�.


�
��

�	*
��


�
��


�
�	*

��

�


*
��




��$

	

���

�2
���

�
.

��
��

��
$	

��
�

�

	�

��
��

��
�	

''�
��

��
�


	/
��

�

��

�

��	

*�
�


7��
�

��
�	

''�
��

��
�


	/
��
.


�
��

�

7�


��
���

��
�	

''�
��

��
�

*�
�*

��
��


�	�
�


��
'��

$�
��


�
�	*

��

,

��
$�

�.

�

��
�	*

��

�

��

�

�	*
��


�
�

��
��


"
��

$�

	
/�

��
�


	�
��


�
��

�!
��

��
.

��

	

��
���

*$
�	

J�
�,

���
��

$�
�


��	
*�

��
!


�*
$�


�
$


#�
�


��
G)

��
G9
)�


�
�'


*�
��

	�$
�

��
*


�

��


�
��

�.

�

��
�	�

�7
�!

��
��

��
��

�	
''�

��
��

�

	/

�

,��

��
$�

���
��
.


�
��

�

��

��
��

@
�;

��
�

*"
�	�

��
	*


�
�.


�
��

�

��

	�$
��

	

.

��
��


�
�)

�.
.

�

��

�(
(�
.
.
,��

�$
��

�

��

�

��	

*�
�


�

��

��A
�

�

�

*�
�


��
�

��
��

�

��

���
��

��
��
.

	�
��

�
$


��*
��




�


��$
��

�
�

��
.

��
��

��
#�

��

�(

�$
��

���
	.

��
��

�	�
�,

���
$�

��
*�

��
	.

��
�


���
#�


�
��

��$

�

��$
��

��
�

��
�*

��
*�

��
�


�	�
��


�
�(

��
��

1.
���

	�$
��$

��
)�

.
.

��
	

.

��
��

�.

�

��
��


��
�

.


�
��

���

�

�	*
��


�
��

�#
	�

��
��$

��
!�


�
���


�
��

,��

�$
�


��
��


�
��


�
�

	���
!�

��

�

��
	�

�

��

��
*�

���
��

��
'�


	
��

�

�


�"

	


�

*

��




��$
��

�

���

�
�

���
�#

��
	'"

��$
��

��
�2

���

�

��

�

��

,��

�$
��

�#
��


�
���

�

��

�

�'�

�.
��$

��
��

�2
�2

�


�
��

��
�2

���

�

��

�

��

��

	��
��

��
#	

��
��

#	
��

�*
��

��
��

��
��
.

	�
��

$�
�

�.

�

��
�	*


�
�"

��
�	

��
��

��
��

��
��

	#
��

"�

'

'�
*�


�
�$

��
��

�,
���

Po
ly

(P
EG

M
A

) m
od

ifi
ed

 s
up

er
pa

ra
m

ag
ne

tic
 n

an
og

el
s:

 p
re

pa
ra

tio
n 

vi
a 

ph
ot

oc
he

m
ic

al
 m

et
ho

d 
an

d 
ap

pl
ic

at
io

n 
in

 d
ru

g 
ca

rr
ie

r 
H

an
w

en
 S

un
 1�

, L
ia

ny
in

g 
Zh

an
g 

1 , X
in

ju
n 

Zh
u 

1 , D
un

qi
ng

 W
an

g,
 L

im
ei

 

W
an

g,
 S

id
e 

Y
ao

 2

1 D
ez

ho
u 

U
ni

ve
rs

ity
, D

ez
ho

u,
 P

R
 C

hi
na

, 2 Sh
an

gh
ai

 In
st

itu
te

 o
f A

pp
lie

d 
Ph

ys
ic

s, 
A

C
S,

 S
ha

ng
ha

i, 
PR

 C
hi

na
 

M
ag

ne
tic

 n
an

og
el

s 
ar

e 
na

no
si

ze
d 

pa
rti

cl
es

 w
ith

 c
or

e/
sh

el
l s

tru
ct

ur
e,

 w
hi

ch
 a

re
 c

om
po

se
d 

of
 F

e 3
O

4
(o

r¬
-F

e 2
O

3)
 a

s 
th

e 
co

re
 a

nd
 c

oa
te

d 
w

ith
 c

ro
ss

-li
nk

ed
 p

ol
ym

er
 a

s 
th

e 
sh

el
l. 

W
ith

 th
e 

pr
op

er
tie

s o
f m

ag
ne

tic
 re

sp
on

se
, b

io
co

m
pa

tib
ili

ty
, s

w
el

lin
g 

pr
op

er
ty

 a
nd

 su
rf

ac
e 

fu
nc

tio
na

lit
y,

 
m

ag
ne

tic
 n

an
og

el
s 

ar
e 

w
id

el
y 

us
ed

 a
s 

ca
rr

ie
rs

 in
 b

io
ch

em
is

try
 a

nd
 b

io
m

ed
ic

in
e 

fie
ld

s 
su

ch
 a

s 
ta

rg
et

ed
 

dr
ug

s, 
pr

ot
ei

n 
im

m
ob

ili
za

tio
n,

 
D

N
A

 
de

te
ct

io
n 

an
d 

m
ag

ne
tic

 
re

so
na

nc
e 

im
ag

in
g(

M
R

I)
. 

 
Se

ve
ra

l m
et

ho
ds

 h
av

e 
be

en
 d

ev
el

op
ed

 to
 p

re
pa

re
 m

ag
ne

tic
 m

ic
ro

- a
nd

 n
an

og
el

s, 
su

ch
 a

s 
m

ic
ro

em
ul

si
on

 p
ol

ym
er

iz
at

io
n,

 e
m

ul
si

on
 p

ol
ym

er
iz

at
io

n 
an

d 
in

-s
itu

 p
ol

ym
er

iz
at

io
n.

 H
ow

ev
er

, 
th

e 
pr

oc
es

se
s 

us
ua

lly
 i

nv
ol

ve
 s

ur
fa

ct
an

ts
 a

nd
 i

ni
tia

to
rs

, 
w

hi
ch

 p
os

e 
lim

ita
tio

ns
 t

o 
pr

ac
tic

al
 

bi
om

ed
ic

al
 a

pp
lic

at
io

ns
. D

ue
 t

o 
ad

so
rp

tio
n 

of
 m

on
om

er
 a

nd
 c

ro
ss

-li
nk

er
 o

n 
th

e 
su

rf
ac

e 
of

 
Fe

3O
4 

na
no

pa
rti

cl
es

, a
nd

 b
as

ed
 o

n 
re

la
tiv

e 
lit

er
at

ur
es

[5
,6

] , w
e 

po
in

t o
ut

 th
at

 f
re

e 
of

 in
iti

at
or

s 
an

d 
ad

di
tiv

es
, m

ag
ne

tic
 n

an
og

el
s 

ca
n 

be
 s

yn
th

es
iz

ed
 in

 o
ne

 s
te

p 
by

 in
-s

itu
 c

op
ol

ym
er

iz
at

io
n 

of
 m

on
om

er
 a

nd
 c

ro
ss

-li
nk

er
 i

n 
aq

ue
ou

s 
su

sp
en

si
on

 u
nd

er
 U

V
 i

rr
ad

ia
tio

n,
 a

nd
 h

av
e 

m
ad

e 
se

rio
us

 re
po

rts
 fo

r t
hi

s n
ov

el
 m

et
ho

d.
  

Po
ly

(P
EG

M
A

) 
m

od
ifi

ed
 

su
pe

rp
ar

am
ag

ne
tic

 
na

no
ge

ls
 

w
er

e 
sy

nt
he

si
ze

d 
by

 
in

-s
itu

 
po

ly
m

er
iz

at
io

n 
us

in
g 

po
ly

(e
th

yl
en

e 
gl

yc
ol

) 
m

et
ha

cr
yl

at
e(

PE
G

M
A

) 
as

 t
he

 m
on

om
er

 a
nd

 N
,

N
’-

M
et

hy
le

ne
-b

is
-(

ac
ry

la
m

id
e)

 (
M

B
A

) 
as

 t
he

 c
ro

ss
-li

nk
in

g 
ag

en
t 

in
 m

ag
ne

tit
e 

aq
ue

ou
s 

su
sp

en
si

on
 u

nd
er

 U
V

 i
rr

ad
ia

tio
n.

 T
he

 T
G

A
 r

es
ul

ts
 i

nd
ic

at
ed

 t
ha

t 
th

e 
m

ag
ne

tic
 n

an
og

el
s 

co
nt

ai
ne

d 
ab

ov
e 

50
 w

t.%
 m

ag
ne

tit
e.

 T
he

 m
ag

ne
tic

 n
an

og
el

s w
er

e 
of

 re
gu

la
rly

 sp
he

ric
al

 sh
ap

e,
 

an
d 

be
ha

ve
d 

su
pe

rp
ar

am
ag

ne
tic

 w
ith

 s
at

ur
at

ed
 m

ag
ne

tiz
at

io
n 

of
 5

8.
6 

em
u/

g,
 t

he
 Z

et
a 

po
te

nt
ia

l w
as

 1
6.

3~
17

.3
m

V
 a

t p
hy

si
ol

og
ic

al
 p

H
 (p

H
=6

.8
~7

.4
). 

Th
e 

pr
el

im
in

ar
y 

ap
pl

ic
at

io
n 

in
 d

ru
g 

ca
rr

ie
r w

as
 c

ar
rie

d 
an

d 
th

e 
na

no
ge

ls
 a

ds
or

bi
ng

 d
ox

or
ub

ic
in

 h
ad

 e
xc

el
le

nt
 p

ro
pe

rty
 in

 
sl

ow
-r

el
ea

se
. 

 

0
2

4
6

8

02040608010
0

12
0

Ti
m

e 
(h

)

Doxorubicin (ug)

Fi
g.

1 
Sc

he
m

at
ic

 il
lu

st
ra

tio
n 

of
 p

ho
to

ch
em

ic
al

 p
ol

ym
er

iz
at

io
n 

 

  
  

 b
y 

U
V

 ir
ra

di
at

io
n 

Fi
g.

2 
A

ds
or

bt
io

n 
cu

rv
e 

of
 d

ox
or

ub
ic

in
 o

n 
th

e 
m

ag
ne

tic
 n

an
og

el

 
1

#
6

8
#

6
7



St
im

ul
i-r

es
po

ns
iv

e 
hy

br
id

 c
or

e-
sh

el
l n

an
oc

ap
su

le
s 

J.
E

. W
on

g1,
 *

, A
.K

. G
ah

ar
w

ar
1,

2 , D
. M

ül
le

r-
Sc

hu
lte

3 , W
. R

ic
ht

er
in

g1 , D
. B

ah
ad

ur
2

1  I
ns

tit
ut

e 
of

 P
hy

si
ca

l 
C

he
m

is
try

, 
R

W
TH

-A
ac

he
n,

 L
an

do
ltw

eg
 2

, 
G

er
m

an
y,

 2  D
ep

ar
tm

en
t 

of
 M

et
al

lu
rg

ic
al

 
En

gi
ne

er
in

g 
an

d 
M

at
er

ia
ls

 S
ci

en
ce

, I
nd

ia
n 

In
st

itu
te

 o
f 

Te
ch

no
lo

gy
-B

om
ba

y,
 M

um
ba

i, 
In

di
a,

 3
M

ic
ro

C
oa

t 
G

m
bH

, 
M

ar
te

le
nb

er
ge

r W
eg

 8
, A

ac
he

n,
 G

er
m

an
y,

 *
E-

M
ai

l: 
w

on
g@

pc
.rw

th
-a

ac
he

n.
de

 

M
ic

ro
ge

ls
 a

re
 s

of
t a

nd
 p

or
ou

s 
sy

st
em

s 
w

ith
 a

 h
ig

h 
su

rf
ac

e-
to

-v
ol

um
e 

ra
tio

, h
en

ce
, h

ig
h 

lo
ad

in
g 

ca
pa

ci
ty

. P
ol

y(
N

-is
op

ro
py

la
cr

yl
am

id
e)

, P
N

IP
A

M
, i

s 
a 

th
er

m
or

es
po

ns
iv

e 
m

ic
ro

ge
l c

ha
ra

ct
er

iz
ed

 
by

 a
 l

ow
er

 c
rit

ic
al

 s
ol

ut
io

n 
te

m
pe

ra
tu

re
 a

ro
un

d 
32

 °
C

. 
R

ec
en

tly
 o

ur
 g

ro
up

 r
ep

or
te

d 
[1

, 
2]

 
su

cc
es

sf
ul

 
la

ye
r-

by
-la

ye
r 

(L
bL

) 
ad

so
rp

tio
n 

of
 

po
ly

el
ec

tro
ly

te
 

m
ul

til
ay

er
s 

on
to

 
PN

IP
A

M
 

m
ic

ro
ge

ls
 t

o 
tu

ne
 t

he
 t

he
rm

or
es

po
ns

iv
ity

 o
f 

th
e 

co
at

ed
 m

ic
ro

ge
ls

. 
To

 a
ch

ie
ve

 h
ea

tin
g 

by
 a

n 
ex

te
rn

al
 t

rig
ge

r 
su

ch
 a

s 
an

 a
lte

rn
at

in
g 

m
ag

ne
tic

 f
ie

ld
, 

m
ag

ne
tic

 n
an

op
ar

tic
le

s 
(M

N
P)

 w
er

e 
in

co
rp

or
at

ed
 w

ith
in

 t
he

 p
ol

ye
le

ct
ro

ly
te

 s
he

ll 
us

in
g 

th
e 

Lb
L 

te
ch

ni
qu

e 
[3

, 
4]

. 
M

N
P 

w
er

e 
sy

nt
he

si
ze

d 
us

in
g 

th
e 

us
ua

l c
op

re
ci

pi
ta

tio
n 

te
ch

ni
qu

e.
 In

 si
tu

 (d
ur

in
g 

pr
ec

ip
ita

tio
n 

in
 th

e 
pr

es
en

ce
 

of
 a

 p
ol

ya
ni

on
) a

s w
el

l a
s p

os
t m

od
ifi

ca
tio

n 
(u

si
ng

 L
bL

 a
ss

em
bl

y)
 [5

] w
er

e 
un

de
rta

ke
n 

to
 m

od
ify

 
th

e 
su

rf
ac

e 
ch

ar
ge

 o
f M

N
P.

 X
-r

ay
 d

iff
ra

ct
io

n 
of

 th
e 

m
od

ifi
ed

 M
N

P 
ex

hi
bi

ts
 c

ha
ra

ct
er

is
tic

 p
ea

ks
 

of
 m

ag
ne

tit
e 

an
d 

m
ag

he
m

ite
 w

ith
 a

 c
or

e 
of

 a
ro

un
d 

5 
to

 7
 n

m
, s

ho
w

in
g 

th
at

 th
e 

pr
es

en
ce

 o
f 

th
e 

po
ly

el
ec

tro
ly

te
s 

do
 n

ot
 a

lte
r 

th
e 

cr
ys

ta
lli

ne
 s

tru
ct

ur
e 

of
 t

he
 p

ar
tic

le
s. 

Th
e 

si
ze

 i
s 

in
 a

gr
ee

m
en

t 
w

ith
 

th
at

 
ob

ta
in

ed
 

by
 

tra
ns

m
is

si
on

 
el

ec
tro

n 
m

ic
ro

sc
op

y,
 

in
di

ca
tin

g 
th

at
 

th
es

e 
M

N
P 

ar
e 

su
pe

rp
ar

am
ag

ne
tic

 i
n 

be
ha

vi
or

, 
as

 f
ur

th
er

 c
on

fir
m

ed
 b

y 
m

ag
ne

to
m

et
ry

. 
M

od
ifi

ed
 M

N
P 

ha
ve

 
sl

ig
ht

ly
 l

ow
er

 m
ag

ne
tiz

at
io

n 
th

an
 u

nm
od

ifi
ed

 o
ne

, 
an

d 
th

e 
de

cr
ea

se
 i

s 
co

ns
is

te
nt

 w
ith

 t
he

 
po

ly
m

er
ic

 c
on

te
nt

 a
s q

ua
nt

ifi
ed

 b
y 

th
er

m
al

 g
ra

vi
m

et
ric

 a
na

ly
si

s. 
Fu

rth
er

 e
vi

de
nc

e 
of

 th
e 

pr
es

en
ce

 
of

 p
ol

ye
le

ct
ro

ly
te

s i
s p

ro
vi

de
d 

by
 th

e 
Fo

ur
ie

r T
ra

ns
fo

rm
 In

fr
ar

ed
 sp

ec
tro

sc
op

y.
 C

ha
ra

ct
er

iz
at

io
ns

 
of

 
th

e 
hy

br
id

 
co

re
-s

he
ll 

st
ru

ct
ur

e 
us

in
g 

dy
na

m
ic

 
lig

ht
 

sc
at

te
rin

g 
an

d 
el

ec
tro

ph
or

et
ic

 
m

ea
su

re
m

en
ts

 s
ho

w
s 

th
at

 s
ys

te
m

 is
 s

til
l t

he
rm

or
es

po
ns

iv
e 

an
d 

th
at

 th
e 

M
N

P 
do

 n
ot

 g
et

 d
et

ac
he

d 
du

rin
g 

th
e 

vo
lu

m
e 

ph
as

e 
tra

ns
iti

on
. 

In
du

ct
io

n 
he

at
in

g 
ex

pe
rim

en
t 

de
m

on
st

ra
te

s 
th

at
 m

od
ifi

ed
 

M
N

P 
sh

ow
s 

a 
sp

ec
ifi

c 
ab

so
rp

tio
n 

ra
te

 t
w

ic
e 

th
at

 o
f 

th
e 

un
m

od
ifi

ed
 o

ne
, 

an
d 

w
ou

ld
 p

ro
du

ce
 

su
ff

ic
ie

nt
 h

ea
t 

to
 c

au
se

 t
he

 c
ol

la
ps

e 
of

 t
he

 m
ic

ro
ge

l 
co

re
. 

Th
is

 u
ni

qu
e 

co
m

bi
na

tio
n 

of
 

th
er

m
or

es
po

ns
iv

ity
 a

nd
 m

ag
ne

tis
m

 c
ou

ld
 o

pe
n 

up
 n

ov
el

 p
er

sp
ec

tiv
es

 to
w

ar
ds

 re
m

ot
el

y 
co

nt
ro

lle
d 

dr
ug

 re
le

as
ed

 c
ar

rie
rs

 c
om

bi
ni

ng
 h

yp
er

th
er

m
ia

 w
ith

 c
he

m
ot

he
ra

py
. 

R
ef

er
en

ce
s 

[1
] J

. E
. W

on
g,

 W
. R

ic
ht

er
in

g,
 P

ro
g.

 C
ol

lo
id

 P
ol

ym
. S

ci
.2

00
6,

13
3,

 4
5.

 
[2

] J
. E

. W
on

g,
 C

. B
. M

ül
le

r, 
A

. L
as

ch
ew

sk
y,

 W
. R

ic
ht

er
in

g,
 J

. P
hy

s. 
C

he
m

. B
20

07
,1

11
, 8

52
7.

 
[3

] J
. E

. W
on

g,
 A

. K
. G

ah
ar

w
ar

, D
. M

ül
le

r-
Sc

hu
lte

, D
. B

ah
ad

ur
, W

. R
ic

ht
er

in
g,

 J
. M

ag
n.

 M
ag

n.
 

M
at

er
.2

00
7,

31
1,

 2
19

. 
[4

] J
. E

. W
on

g,
 A

. K
. G

ah
ar

w
ar

, D
. M

ül
le

r-
Sc

hu
lte

, D
. B

ah
ad

ur
, W

. R
ic

ht
er

in
g,

 J
. C

ol
lo

id
 In

te
rf

. 
Sc

i. 
(s

ub
m

itt
ed

). 
[5

] J
. E

. W
on

g,
 A

. K
. G

ah
ar

w
ar

, D
. M

ül
le

r-
Sc

hu
lte

, D
. B

ah
ad

ur
, W

. R
ic

ht
er

in
g,

 J
. N

an
os

ci
. 

N
an

ot
ec

hn
ol

. (
ac

ce
pt

ed
). 

Q
ua

nt
ifi

ca
tio

n 
of

 m
ag

ne
tic

 n
an

op
ar

tic
le

s
fo

r c
an

ce
r t

he
ra

py
 

R
. T

ie
tz

e1 , 
R

. J
ur

go
ns

1 , E
. S

ch
re

ib
er

1 , C
. S

el
ig

er
1 , F

. W
ie

kh
or

st
2 , D

. E
be

r-
 

be
ck

2 , U
. S

te
in

ho
ff,

 L
. T

ra
hm

s2 , C
. A

le
xi

ou
1*

1 D
ep

ar
tm

en
t o

f O
to

rh
in

ol
ar

yn
go

lo
gy

, H
ea

d 
an

d 
N

ec
k 

S
ur

ge
ry

, U
ni

ve
rs

ity
 E

rla
ng

en
-N

ür
nb

er
g 

  
 W

al
ds

tra
ss

e 
1,

 9
10

54
 E

rla
ng

en
, G

er
m

an
y 

2 P
hy

si
ka

lis
ch

-T
ec

hn
is

ch
e 

B
un

de
sa

ns
ta

lt,
 B

er
lin

, G
er

m
an

y 
  C

or
re

sp
on

di
ng

 a
ut

ho
r: 

C
.A

le
xi

ou
@

w
eb

.d
e 

M
ag

ne
tic

 n
an

op
ar

tic
le

s 
(M

N
P

) 
ar

e 
us

ed
 in

 m
ed

ic
in

e 
bo

th
 in

 v
itr

o 
an

d 
in

 v
iv

o.
 T

he
se

 
pa

rti
cl

es
 a

re
 a

pp
lie

d 
ro

ut
in

el
y 

fo
r 

bi
om

ag
ne

tic
 c

el
l s

ep
ar

at
io

n 
an

d 
in

 v
iv

o 
as

 c
on

tra
st

 
ag

en
ts

 f
or

 M
R

I. 
M

ag
ne

tic
 d

ru
g 

ta
rg

et
in

g 
m

ea
ns

 t
he

 i
m

pl
em

en
ta

tio
n 

of
 c

oa
te

d 
m

ag
ne

tic
 n

an
op

ar
tic

le
s 

as
 c

ar
rie

rs
 f

or
 c

yt
os

ta
tic

 d
ru

gs
, 

be
in

g 
ab

le
 t

o 
be

 e
nr

ic
he

d 
af

te
r 

in
tra

va
sc

ul
ar

 a
pp

lic
at

io
n 

w
ith

 f
oc

us
ed

 e
xt

er
na

l m
ag

ne
tic

 f
ie

ld
s 

in
 c

er
ta

in
 b

od
y 

co
m

pa
rtm

en
ts

.T
hi

s 
th

er
ap

y 
le

d 
to

 c
om

pl
et

e 
tu

m
or

 r
em

is
si

on
s 

in
 a

n 
ex

pe
rim

en
ta

l 
an

im
al

 m
od

el
 w

ith
ou

t 
ne

ga
tiv

e 
si

de
 e

ffe
ct

s.
 T

he
 a

im
 o

f 
th

e 
pr

es
en

t 
st

ud
y 

w
as

 t
o 

an
al

ys
e 

th
e 

bi
od

is
tri

bu
tio

n 
of

 t
he

 m
ag

ne
tic

 n
an

op
ar

tic
le

s 
an

d 
to

 q
ua

nt
ify

 t
hi

s 
no

n 
in

va
si

ve
ly

. 
M

ag
ne

tic
 

na
no

pa
rti

cl
es

 
bo

un
d 

to
 

ch
em

ot
he

ra
pe

ut
ic

 
ag

en
ts

 
w

er
e 

ap
pl

ic
at

ed
 

in
tra

ve
no

us
 

an
d/

or
 

in
tra

ar
te

ria
l 

in
to

 
tu

m
or

 
be

ar
in

g 
ra

bb
its

 
(V

X
2-

sq
ua

m
ou

s 
ce

ll 
ca

rc
in

om
a)

 a
nd

 s
im

ul
ta

ne
ou

sl
y 

an
 e

xt
er

na
l m

ag
ne

tic
 fi

el
d 

w
as

 fo
cu

se
d 

to
 th

e 
tu

m
or

 
re

gi
on

. A
fte

r s
ac

rif
yi

ng
 th

e 
an

im
al

s 
th

e 
in

di
vi

du
al

 o
rg

an
 s

tru
ct

ur
es

 (t
um

or
, l

iv
er

, l
un

g,
 

sp
le

en
 e

tc
.) 

w
er

e 
as

se
rv

at
ed

 a
nd

 q
ua

nt
ifi

ed
 w

ith
 th

e 
m

et
ho

d 
of

 m
ag

ne
to

re
la

xo
m

et
ry

 
on

 it
s 

am
ou

nt
 o

f M
N

P.
 H

er
eb

y 
hi

gh
ly

 s
en

si
tiv

e 
su

pe
rc

on
du

ct
in

g 
qu

an
tu

m
 in

te
rfe

re
nc

e 
de

vi
ce

s 
(S

Q
U

ID
S

) 
se

rv
ed

 a
s 

se
ns

or
s 

de
te

ct
in

g 
th

e 
tim

e 
va

ry
in

g 
m

ag
ne

tic
 in

du
ct

io
n 

ge
ne

ra
te

d 
by

 th
e 

re
la

xi
ng

 m
ag

ne
tis

at
io

n 
of

 th
e 

su
pe

r p
ar

am
ag

ne
tic

 ir
on

 o
xi

de
 s

ho
rtl

y 
af

te
r t

he
 a

pp
lic

at
io

n 
of

 th
e 

m
ag

ne
tic

 fi
el

d.
A

fte
r i

nt
ra

ve
no

us
 a

pp
lic

at
io

n 
th

e 
re

la
xa

tio
n 

am
pl

itu
de

 w
as

 s
ub

st
an

tia
lly

 s
m

al
le

r i
n 

th
e 

re
sp

ec
tiv

e 
tu

m
or

 w
ith

 0
.0

8 
pT

-0
.8

1 
pT

 (p
ic

o 
Te

sl
a)

, c
om

pa
re

d 
to

 li
ve

r (
72

 p
T-

94
 p

T)
, 

lu
ng

 (
1.

8 
pT

-5
.5

 p
T)

 a
nd

  
sp

le
en

 (
3.

7 
pT

-2
3.

9 
pT

) 
(fi

g.
 1

). 
A

fte
r 

in
tra

ar
te

ria
l 

ap
pl

ic
at

io
n 

th
e 

re
la

xa
tio

n 
am

pl
itu

de
 w

as
 s

ig
ni

fic
an

tly
 h

ig
he

r 
in

 t
he

 t
um

or
 t

ha
n 

af
te

r 
in

tra
ve

no
us

 a
pp

lic
at

io
n 

(fi
g.

1)
. 

M
ag

ne
to

re
la

xo
m

et
ry

 o
ffe

rs
 th

e 
un

iq
ue

 o
pp

or
tu

ni
ty

 to
 q

ua
nt

ify
 m

ag
ne

tic
 n

an
op

ar
tic

le
s 

no
n 

in
va

si
ve

ly
 in

 d
iff

er
en

t b
od

y 
co

m
pa

rtm
en

ts
. T

hi
s 

ca
n 

be
 b

en
ef

ic
ia

l f
or

 h
um

an
 tr

ia
ls

 
in

 th
e 

fu
tu

re
, e

sp
ec

ia
lly

 to
 c

on
tro

l M
N

P
-b

as
ed

 c
an

ce
r t

he
ra

py
. 

Ti
ss

ue
s 

i.a
. 

i.v
. 

Tu
m

or
 

23
,7

5 
5,

58
 

0,
81

 
0,

13
 

0,
08

 
0,

22
 

Sp
le

en
 

15
 

9,
4 

23
,9

5 
8,

84
 

5,
36

 
3,

72
 

Lu
ng

 
15

 
10

,8
8 

2,
74

 
4,

69
 

5,
46

 
1,

86
 

K
id

ne
ys

 
<1

,2
5 

0 
<0

,1
6 

0,
51

 
0 

0 
H

ea
rt 

<1
,2

5 
1,

47
 

1,
29

 
0 

0 
0 

Li
ve

r 
44

,3
7 

72
,9

4 
72

,0
2 

85
,8

2 
89

,1
1 

94
,2

7 

P
er

ce
nt

ag
e 

of
 ir

on
 

de
te

ct
ed

 w
ith

 
M

ag
ne

to
re

la
xo

m
et

ry
 in

 
di

ffe
re

nt
 ti

ss
ue

s 
af

te
r 

i.a
./i

.v
. M

ag
ne

tic
 D

ru
g 

Ta
rg

et
in

g 
i.a

.=
 in

tra
ar

te
ria

l 
i.v

.=
 in

tra
ve

no
us

 

Fi
gu

re
 1

 

#
7

0
#

6
9



Fe
3O

4-
A

u 
D

um
bb

el
l N

an
op

ar
tic

le
 a

s a
 D

ua
l I

m
ag

in
g 

A
ge

nt
 a

nd
 

D
ru

g 
D

el
iv

er
y 

Sy
st

em
 

C
he

nj
ie

 X
u*

, J
in

 X
ie

, C
ha

o 
W

an
g,

 N
at

ha
n 

K
oh

le
r, 

Ed
w

ar
d 

W
al

sh
 a

nd
 S

ho
uh

en
g 

Su
n 

D
ep

ar
tm

en
t o

f C
he

m
is

try
, B

ro
w

n 
U

ni
ve

rs
ity

, R
I, 

U
SA

 0
29

12
 

Sy
nt

he
si

s 
of

 d
um

bb
el

l-l
ik

e 
na

no
pa

rti
cl

es
 e

.g
. A

u-
Fe

3O
4 n

an
op

ar
tic

le
 h

as
 a

ttr
ac

te
d 

m
uc

h 
at

te
nt

io
n 

re
ce

nt
ly

. I
t c

on
ta

in
s b

ot
h 

A
u 

an
d 

Fe
3O

4 n
an

op
ar

tic
le

s t
ha

t a
re

 k
no

w
n 

to
 b

e 

bi
oc

om
pa

tib
le

 a
nd

 h
av

e 
be

en
 u

se
d 

ex
te

ns
iv

el
y 

fo
r 

op
tic

al
 a

nd
 m

ag
ne

tic
 a

pp
lic

at
io

ns
 in

 

bi
om

ed
ic

in
e.

 
C

om
pa

re
d 

w
ith

 
th

e 
co

nv
en

tio
na

l 
si

ng
le

 
co

m
po

ne
nt

 
A

u 
or

 
Fe

3O
4

na
no

pa
rti

cl
es

, t
he

 d
um

bb
el

l-l
ik

e 
A

u-
Fe

3O
4 h

as
 th

e 
fo

llo
w

in
g 

di
st

in
ct

 a
dv

an
ta

ge
s:

 (1
) t

he
 

st
ru

ct
ur

e 
co

nt
ai

ns
 b

ot
h 

a 
m

ag
ne

tic
 (

Fe
3O

4)
 a

nd
 a

n 
op

tic
al

ly
 a

ct
iv

e 
pl

as
m

on
ic

 (
A

u)
 u

ni
t 

an
d 

is
 su

ita
bl

e 
fo

r s
im

ul
ta

ne
ou

s o
pt

ic
al

 a
nd

 m
ag

ne
tic

 d
et

ec
tio

n;
 (2

) t
he

 p
re

se
nc

e 
of

 F
e 3

O
4

an
d 

A
u 

su
rf

ac
es

 fa
ci

lit
at

es
 th

e 
at

ta
ch

m
en

t o
f d

iff
er

en
t c

he
m

ic
al

 fu
nc

tio
na

lit
ie

s 
fo

r t
ar

ge
t-

sp
ec

ifi
c 

im
ag

in
g 

an
d 

de
liv

er
y 

ap
pl

ic
at

io
ns

. 

H
er

e,
 w

e 
fir

st
ly

 s
tu

di
ed

 th
e 

re
la

tio
n 

be
tw

ee
n 

A
u 

si
ze

 a
nd

 th
e 

im
ag

in
g 

ab
ili

ty
. W

e 

fo
un

d 
ou

t 
th

at
 t

he
 b

ig
ge

r 
th

e 
go

ld
 p

ar
tic

le
, 

th
e 

be
tte

r 
sig

na
l 

w
e 

co
ul

d 
ge

t 
in

 o
pt

ic
al

 

im
ag

in
g.

 H
ow

ev
er

, t
he

 m
ag

ne
tic

 im
ag

in
g 

ab
ili

ty
 w

as
 re

du
ce

d 
w

he
n 

go
ld

 p
ar

tic
le

 b
ec

am
e 

bi
gg

er
. T

he
 a

s 
a 

de
m

o,
 a

nt
i-E

G
FR

(e
pi

de
rm

al
 g

ro
w

th
 fa

ct
or

 re
ce

pt
or

) m
od

ifi
ed

 A
u-

Fe
3O

4

w
as

 u
se

d 
to

 im
ag

in
g 

A
43

1 
ce

ll,
 w

hi
ch

 h
as

 e
xc

es
si

ve
 E

G
FR

. D
ur

in
g 

th
e 

op
tic

al
 im

ag
in

g 

pr
oc

es
s, 

th
e 

flo
at

in
g 

ce
lls

 c
ou

ld
 b

e 
co

nt
ro

lle
d 

by
 th

e 
m

ag
ne

t f
ie

ld
. 

A
fte

r 
th

e 
du

al
 i

m
ag

in
g 

ab
ili

ty
 w

as
 c

on
fir

m
ed

, 
w

e 
be

ga
n 

to
 i

nv
es

tig
at

e 
th

e 

po
ss

ib
ili

ty
 to

 s
el

ec
tiv

el
y 

de
liv

er
y 

a 
ca

nc
er

 th
er

ap
y 

dr
ug

, c
is

pl
at

in
 o

nt
o 

th
e 

ca
nc

er
 c

el
ls

. 

Th
us

 w
e 

co
nj

ug
at

ed
 c

is
pl

at
in

 o
nt

o 
A

u 
co

re
 w

ith
 a

 d
es

ig
ne

d 
lig

an
d.

 T
he

 r
es

ul
t 

w
as

 

im
pr

es
si

ve
. 

U
nd

er
 t

he
 s

am
e 

Pt
 c

on
ce

nt
ra

tio
n,

 c
is

pl
at

in
 o

n 
th

e 
du

m
bb

el
l 

na
no

pa
rti

cl
es

 

ki
lle

d 
m

or
e 

tu
m

or
 c

el
ls

 c
om

pa
re

d 
w

ith
 p

ur
e 

ci
sp

la
tin

. 
A

nd
 m

ec
ha

ni
sm

 s
tu

dy
 c

le
ar

ly
 

sh
ow

ed
 th

at
 th

er
e 

w
as

 m
or

e 
tu

m
or

 s
up

pr
es

so
r p

ro
te

in
, P

53
 in

 th
e 

an
ti-

EG
FR

-F
e 3

O
4-

A
u-

Pt
 tr

ea
te

d 
ce

lls
.  

In
 s

um
m

ar
y,

 A
u-

Fe
3O

4 
na

no
pa

rti
cl

es
 h

av
e 

be
en

 d
em

on
st

ra
te

d 
as

 a
 d

ua
l i

m
ag

in
g 

ag
en

t a
nd

 d
ru

g 
de

liv
er

y 
sy

st
em

. 

R
ef

er
en

ce
:

X
u,

 C
he

nj
ie

; X
ie

, J
in

; D
on

, H
o;

 W
an

g,
 C

ha
o;

 K
oh

le
r, 

N
at

ha
n;

 W
al

sh
, E

dw
ar

d;
 M

or
ga

n,
 Je

ff
re

y;
 C

hi
n,

 Y
. E

ur
ge

ne
; S

un
, 

Sh
ou

he
ng

. A
u-

Fe
3O

4 
D

um
bb

el
l N

an
op

ar
tic

le
s 

as
 D

ua
l-F

un
ct

io
na

l P
ro

be
s. 

An
ge

wa
nd

te
 C

he
m

ie
 I

nt
er

na
tio

na
l E

di
tio

n
(2

00
8)

, 4
7(

1)
, 1

73
-1

76
. 

M
ag

ne
ti

c 
N

an
op

ar
ti

cl
es

 f
or

 T
ar

ge
t 

T
hr

om
bo

ly
si

s 
 

in
 a

 R
at

 E
m

bo
lic

 M
od

el
 

Si
ao

-Y
un

 W
u

1 , J
yh

-P
in

g 
C

he
n

2 , T
on

y 
W

u
3 , Y

eu
-J

hy
 C

h
an

g3 , M
u-

Y
i H

ua
2  a

n
d

Y
u

nn
-H

w
a 

M
a1 *

C
ha

ng
 G

un
g 

M
ol

ec
ul

ar
 M

ed
ic

in
e 

R
es

ea
rc

h 
C

en
te

r, 
1 D

ep
ar

tm
en

t o
f P

hy
si

ol
og

y 
an

d 
Ph

ar
m

ac
ol

og
y 

an
d 

2 D
ep

ar
tm

en
t o

f C
he

m
ic

al
 a

nd
 M

at
er

ia
l E

ng
in

ee
rin

g,
 C

ha
ng

 G
un

g 
U

ni
ve

rs
ity

, K
w

ei
-S

ha
n,

 T
ao

-Y
ua

n,
 T

ai
w

an
, 

R
.O

.C
.; 

3 D
ep

ar
tm

en
t o

f N
eu

ro
lo

gy
, C

ha
ng

 G
un

g 
M

em
or

ia
l H

os
pi

ta
l, 

K
w

ei
-S

ha
n,

 T
ao

-Y
ua

n,
 T

ai
w

an
, R

.O
.C

. 
 

*E
m

ai
l: 

yh
m

a@
m

ai
l.c

gu
.e

du
.tw

  

R
ec

om
bi

na
nt

 t
is

su
e 

pl
as

m
in

og
en

 a
ct

iv
at

or
 (

rtP
A

) 
ha

s 
be

en
 u

se
d 

fo
r 

th
ro

m
bo

em
bo

lic
 

di
se

as
es

 w
ith

 h
em

or
rh

ag
ic

 s
id

e 
ef

fe
ct

s. 
 M

ag
ne

tic
 n

an
op

ar
tic

le
s 

(M
N

P)
 m

ay
 s

er
ve

 a
s 

a 
ca

rr
ie

r f
or

 ta
rg

et
 th

er
ap

eu
tic

s 
to

 re
du

ce
 th

e 
si

de
 e

ffe
ct

 a
nd

 th
e 

am
ou

nt
 o

f t
he

 d
ru

g 
us

ed
. 

 W
e 

te
st

ed
 a

 h
yp

ot
he

si
s 

th
at

 u
nd

er
 t

he
 g

ui
da

nc
e 

of
 a

n 
ex

te
rn

al
 m

ag
ne

t, 
re

du
ce

d 
do

se
 o

f 
rtP

A
 

bo
un

d 
to

 M
N

P 
m

ay
 a

ch
ie

ve
 s

im
ila

r t
hr

om
bo

ly
tic

 e
ffe

ct
 a

s 
th

at
 in

du
ce

d 
by

 a
 fu

ll-
do

se
 o

f f
re

e 
rtP

A
 in

 a
 r

at
 e

m
bo

lic
 m

od
el

. 
 P

ol
ya

cr
yl

ic
 a

ci
d-

co
at

ed
 m

ag
ne

tit
e 

(P
A

A
-M

N
P,

 2
56

 n
m

) 
w

as
 

sy
nt

he
si

ze
d 

an
d 

ch
ar

ac
te

riz
ed

. 
 I

m
m

ob
ili

za
tio

n 
of

 th
e 

am
in

o 
gr

ou
p 

of
 r

tP
A

 to
 th

e 
ca

rb
ox

yl
 

gr
ou

p 
of

 M
N

P 
w

as
 c

on
du

ct
ed

 w
ith

 c
ar

bo
di

im
id

e 
m

ed
ia

te
d 

am
id

e 
bo

nd
 f

or
m

at
io

n.
  

Th
e 

am
ou

nt
 o

f 
ca

rb
ox

yl
 g

ro
up

 o
n 

th
e 

su
rf

ac
e 

of
 P

A
A

-M
N

P 
w

as
 1

.0
3 

± 
0.

01
 �

m
ol

e/
m

g 
M

N
P,

 
w

hi
ch

 i
s 

10
-f

ol
d 

of
 t

ha
t 

on
 a

 d
ex

tra
n-

co
at

ed
 M

N
P 

(N
an

om
ag

®
-D

 C
O

O
H

, 
27

9 
nm

; 
de

xt
ra

n-
M

N
P)

, a
s r

ev
ea

le
d 

by
 a

 to
lu

id
in

e 
bl

ue
 O

 a
ss

ay
. 

 T
he

 a
m

ou
nt

 o
f r

tP
A

 im
m

ob
ili

ze
d 

to
 

PA
A

- 
an

d 
de

xt
ra

n-
M

N
P 

w
as

 m
ea

su
re

d 
76

 ±
 2

 a
nd

 5
9 

± 
4 
�g

/m
g 

M
N

P 
by

 a
 p

ro
te

in
 a

ss
ay

, 
re

sp
ec

tiv
el

y.
  

In
 a

dd
iti

on
, t

he
 e

nz
ym

e 
ac

tiv
iti

es
 o

f r
tP

A
 b

ou
nd

 to
 P

A
A

-M
N

P,
 a

s m
ea

su
re

d 
by

 
S-

22
88

TM
 a

ss
ay

 a
nd

 12
5 I-

fr
ib

rin
ol

ys
is

 a
ss

ay
, w

er
e 

85
 ±

 1
%

 a
nd

 8
6 

± 
3%

 o
f 

th
at

 o
f 

th
e 

fr
ee

 
rtP

A
, r

es
pe

ct
iv

el
y,

 s
ug

ge
st

in
g 

th
at

 m
os

t o
f 

th
e 

en
zy

m
e 

ac
tiv

ity
 o

f 
rtP

A
 w

as
 p

re
se

rv
ed

 a
fte

r 
co

va
le

nt
 i

m
m

ob
ili

za
tio

n 
to

 t
he

 P
A

A
-M

N
P.

  
H

ow
ev

er
, 

th
e 

en
zy

m
e 

ac
tiv

iti
es

 o
f 

rtP
A

 
im

m
ob

ili
ze

d 
to

 t
he

 d
ex

tra
n-

M
N

P 
w

er
e 

on
ly

 9
 ±

 2
%

 a
nd

 1
3 

± 
2%

, 
re

sp
ec

tiv
el

y.
  

Th
e 

th
ro

m
bo

ly
tic

 a
ct

iv
ity

 o
f r

t-P
A

 b
on

d 
to

 P
A

A
-M

N
P 

w
as

 fu
rth

er
 d

et
er

m
in

ed
 w

ith
 a

 ra
t e

m
bo

lic
 

m
od

el
 (

JM
M

M
 3

11
:3

42
-3

46
, 

20
07

). 
 I

n 
th

is
 r

at
 m

od
el

, 
a 

fu
nc

tio
na

l 
m

ea
su

re
m

en
t 

of
 t

he
 

hi
nd

 l
im

b 
bl

oo
d 

flo
w

 w
ith

 l
as

er
 D

op
pl

er
 f

lo
w

m
et

ry
 r

ev
ea

le
d 

th
e 

ef
fe

ct
 o

f 
rtP

A
 o

n 
a 

cl
ot

 
lo

dg
ed

 i
n 

th
e 

ili
ac

 a
rte

ry
 o

f 
th

e 
ra

t. 
 T

he
 c

lo
t 

lo
dg

in
g 

dr
am

at
ic

al
ly

 a
tte

nu
at

ed
 t

he
 

do
w

ns
tre

am
 b

lo
od

 fl
ow

 to
 4

1 
± 

6%
, a

nd
 re

ve
rs

al
 o

f t
he

 fl
ow

 w
as

 in
du

ce
d 

by
 fr

ee
 r

tP
A

 a
t 1

 
bu

t n
ot

 0
.5

 m
g/

kg
. 

 W
ith

 th
e 

N
dF

eB
 m

ag
ne

t p
la

ce
d 

by
 th

e 
ili

ac
 a

rte
ry

 d
ur

in
g 

in
tra

-a
rte

ria
l 

ad
m

in
is

tra
tio

n 
of

 P
A

A
-M

N
P-

rtP
A

 (
w

ith
 b

ou
nd

 r
tP

A
 e

qu
iv

al
en

t t
o 

0.
2 

m
g/

kg
 o

f 
fr

ee
 r

tP
A

), 
fo

llo
w

ed
 b

y 
m

ov
in

g 
th

e 
m

ag
ne

t b
ac

k 
an

d 
fo

rth
 a

lo
ng

 th
e 

ili
ac

 a
rte

ry
 u

ps
tre

am
 to

 th
e 

cl
ot

, t
he

 
do

w
ns

tre
am

 f
lo

w
 w

as
 r

ev
er

se
d 

to
 8

0 
± 

13
%

 o
f 

th
at

 b
ef

or
e 

th
e 

cl
ot

 lo
dg

in
g 

in
 2

0 
m

in
 

(n
=7

) 
as

 
ill

us
tra

te
d 

in
 

th
e 

fig
ur

e,
 

w
he

re
as

 t
he

 P
A

A
-M

N
P 

ex
er

te
d 

no
 e

ffe
ct

 
on

 th
e 

re
du

ce
d 

flo
w

 (n
=4

). 
 I

n 
co

nc
lu

si
on

, 
im

m
ob

ili
za

tio
n 

of
 r

tP
A

 to
 P

A
A

-M
N

P 
w

ith
 

co
va

le
nt

 b
in

di
ng

 m
ay

 r
es

ul
t 

in
 a

 s
ta

bl
e 

dr
ug

 
pr

ep
ar

at
io

n,
 

co
ns

is
te

nt
 

dr
ug

 
co

nc
en

tra
tio

n 
ar

ou
nd

 t
he

 t
ar

ge
t 

si
te

, 
an

d 
su

bs
eq

ue
nt

ly
 a

 r
ep

ro
du

ci
bl

e 
an

d 
ef

fe
ct

iv
e 

ta
rg

et
 

th
ro

m
bo

ly
si

s 
in

 
th

e 
ra

t 
em

bo
lic

 
m

od
el

; w
ith

 th
is

 a
pp

ro
ac

h,
 2

0%
 r

tP
A

 m
ay

 
ac

hi
ev

e 
si

m
ila

r t
hr

om
bo

ly
si

s 
in

du
ce

d 
by

 a
 

fu
ll 

do
se

 o
f t

he
 d

ru
g.

  
Ti

m
e 

(m
in

)
-2

0
0

20
40

60
80

10
0

12
0

Femoral Blood Flow (% Basal)

02040608010
0

12
0

M
N

P
-r

tP
A

M
N

P

Ti
m

e 
(m

in
)

-2
0

0
20

40
60

80
10

0
12

0

Femoral Blood Flow (% Basal)

02040608010
0

12
0

M
N

P
-r

tP
A

M
N

P

#
7

2
#

7
1



�
��

��
��

��
�	

�	
�

��

��
�





��
�


��

�

��
��
��

��
��
��

�

��

��
��

�

�	

��
�

��
��
�

���
�

�
��

��

�

��

�
�

�

��
�

�
��

�

��

��

�
��
���

��



���

��
	

�
���

� 
�!
� 
�"

# $�
�
��%

��
�


�
&�

" $�
�
���

'(
&�

 �
) $�
��

�%
��

(

�	
&*

" $�
�
���

�

�&
� 

�"
$��

���
��


!
� 

�(
� 

�"
$��

���

�

��
" $�

�
���

��
&�

" $�
�
���


�
��
��

7 ��
��
���
��

��
	

��
�


��
��

��
��
���
��
��
��
���
�	
��
��
�
��
��
�
��
	

��
��

��
��
���
�
��
��
��
��
	

��
	




	

�	
�
��
��

��
	�
��
��
��
�

�	
�
��

��
�	
��
�	�

���
�	�

��
��
	�
��
	�

��
��
�	�

��
��
��
��
	 
!"
�
��
�#	
$�
��
��
��
%
��
��

��
��

� 	&
��
���
'�

�	
�(
	)

��
��
�*
��
��
�	�

��
��
�	
+
��
��
�
,	
�(
	�
��

��
��
��	
�
��
��
��
��
	

-�
	




	

�	
�
��
��

��
	�
��
��
��
�

		
		
	.
*�
	�
��

	�
(	
�*
��
	�
�'
�,

	/
��
	��

	�
��

��
�0

	1
��
��
2�
��
�1
��
	�
��

	1
��
��
�
0�
��1

��
	.
�3
��
	��

��
��

	�
�2
��
���

	
45

)
+
	�
��
��
0*

��
��
	67

4�
8	
�'
���
1�

�	
(�
�	
1�
��

��
��
��
	�
00
���
��
��
��
�	�

�2
��
���

	�
0*

��
��
	/

��*
	�
��
�0
�'
��
��
�	

.�
3�
�	/

��
�	
0�

�0
��

��
	1
,	
�	
�
��
�(�

��
	�
��
�0
��
��
0�
��
���

�	
��
�*
��
9'

�	
/
*�
�*
	�
��
��
��
�	
�(
	�
��
��
2	
�*

�	
��
2�
��
�	

0*
��

�	
6�
�'
2	
��
�	
0�
�,
�

��
	��

��
��
	��

	�
��
��
��
8	�
�	
�*

�	
/
��

��
	�'

�0
��
��
��

	�
��

��
��
��
2	
�
�2
��
���
	0
��
���
��
�	�

��
	

4�
'�
��
��
	:
�;

	�
�	
�	
��
�1
���
$�
�2

	�
2�
��
�	+

(��
�	
��
�
0�

��
�	

��
�0
��
��
��
�	
�(
	�*

�	
��
2�
��
�	
��
��

��
�	.

�3
��
	��

��
��
	

�
�2
��
���

	�
��
��
0*

��
��
	/

� �
�	
�1
��
��

��
�	<

��
��
2�
��
�1
��
	0
��
,6
=
�5
"��

��
��
"�
�"
2�
,�
��
��
	�
��
�8
	64

5)
+
8	/

��
	

'�
��
	�
�	
�	
��
0�
'�
��
��
�	
�
��

��
��
��	
.�

3�
�	/

��
	�
*�
��
�	
�'

�	
��
	��
�	
�*

��
�0

�'
���

	�
((

��
��
	�
2�
��
��
	�
��
��
'�
	

��
��

��
�	
6�
�	2

�	�
��
���

��
	1
��
��
��	
�'
�2

	�
��
��
�8
�	�

�2
��
���

	(�
'�
�	
�*
��
	/

��
	'
��
�	
��
	�
	�

�2
��
���

	�
��
���

�	
��
��
��
��
�	
�(
	�

�2
��
���

�	
0�
���
��

��
	��
�1
���
$�
�	
'�
��
2	
��
��
'�

	�
��
��

�	
��
	�
	(�
��
�	�
'�
(�
��
��
�	�
�	
0�

��
��
�	�
*�
��	

�2
2�
��

��
��
��
��

	 .
�
	�
�
0�
��

�	
��
�1
���
�,
	�
��

	�
��
��
��

�	
�*

�	
��
��
'�
��
��
�
	*
��
(	
���

�	
�(

	�
*�

	0
��
���
��
��
	

0�
�,
6�
�*
,�

��
�	
2�
,�
��
8	�

�	
�	
��
��
��

	�'
�(
��
��
��
	/
��
	�
��

��
�	�

��
��

��
2	

��
��
���

�	
�
��
��
��
�0
,	
��
�(
���

��
	�*

�	
��
��
�,
	�
0*

��
��
��
	�
*�
0�

	�
��

	�
�$

�	
�


	
>	
�-

	
��

	�
(	
�*

�	
.�

3�
�	
��
��

��
	�

�2
��
���

	7
4�

	6�
��

	(
�2
'�

�8
�	

�
��
�'
��
�

��
��
	�
(	
�
�2
��
���

	0
��
0�
���

��
	�
(	
�*

�	
0�

�0
��

��
	�

�2
��
���

	0
��
,�

��
��
	�
��
��
0*

��
��

	'
��
�2

	
�'

0�
��
��
�'
��
��
2	
?
'�
��
'�

	&�
��
�(

��
��
��
	=

��
��

�	
6�
?
@
&=

8	�
*�
/

��
	�
'0

��
0�
��
�
�2
��
���
�
	/
��*

	1
��
��
��
2	

��
�
0�
��
�'
��
	�
(	
��

	
�
	�
��

	�
��
'�
��
��
�	
�
�2
��
��$
��
��
�	
��

	
�
.�
	&�

��
�0
��
��
��
�	
�(
	�

�2
��
���

	0
��
���
��
�	
��
�	

��
'2

	��
	�*

�	
45

)
+
	0
��
,�

��
	�

��
��3

	/
��
	�
��
(��
�

��
	1
,	
��
(�
��

��
	�
0�
��
��
��
�0
,	
��
�	
��
((

��
��
���
�	�
��
��
��
2	

��
��
���

��
�,
�	
.*

�	
� �
��
��

�	
�(
	�*

�	
��
'2

	(
��
�
	�*

�	
0�

�0
��

��
	�
��
��
0*

��
��
	��

	�*
�	
�'
��
�'
��
��
2�

	'
��

��
	

��
((

��
��
�	�
��
��
���

��
	/
��
	�
��
�	
��
'�
��
� �

�!
�
	��

�2
�	
�(
	.
�3
��
	��

��
��
	�

�2
��
���

	4
5)

+
	�
��
��
0*

��
��

.*
�	
0�

�0
��

��
	7
4�
	*
��

�	
2�
��
	��
�1
���
�,
	��

	�*
�	
0�

��
��
��
	�
(	*

�2
*	
7
�A

�	�
��
��
��
��
���

�	
��
	�
-�
A
�	�
*�
	��

3�
��
�,
	

�(
	0
��
0�
��
�	
��
�
0�

��
	�

��
��
��
�	
�	
���

��
	*
�2
*�
�	
��
�'

�	
�(
	��

�*
��
	�
��

�	
65
=

-

8	
��
	�
��

0�
���
��

	/
��*

	0
'�

�	
.�

3�
�	
65
=

-

	B

	�
�	
�
2C
�2
8	
��
�
	�*

�/
��

	�
	�
�2
��
(��

��
�	
��
�0
��
��
	��

	�
3�

��
��
�	
�
�2
��
���

	(
��
��
	/

*�
�*

	��
	

��
0�
���

��
	(�
��

	�*
�	
0�

��
�	�

(	�
��
/
	�
(	�

�*
��
��
�2
	�
��

�0
��
1�

�	
��
'2

	�
��
��

��
,	
�,
��

��
�	(
��
	�'

�
�'

�	�
��
��
�

��
��	

�
�&
��

�
��
��

��
��
�	
�
	.
*�
�	
/
��
�	
/
��
	�
'0
0�
���

�	
1,

	�*
�	
��
��
��
	+

��
��
�
,	
�(
	�
��

��
��
�	
62
��
��
	7

��
	�
��
�8
	�
��

	1
,	
�*

�	
��
��
��
	D

��
��
��
*	
��
�	
=

��
��
�0
�

��
�	+

2�
��
,	
'�
��
�	�
*�
	�
��
���

��
�	7

��
	+
4E

E
"�
�"

�
�-

-
	�
��
	+
4E

E
"

�

�"

�
�

St
ab

ili
za

tio
n 

an
d 

Fu
nc

tio
na

liz
at

io
n 

of
 S

up
er

pa
ra

m
ag

ne
tic

 Ir
on

 O
xi

de
 

N
an

op
ar

tic
le

s 
(S

PI
O

N
s)

 

E
st

he
r A

m
st

ad
, S

te
fa

n 
Zu

rc
he

r, 
M

ar
cu

s 
Te

xt
or

, E
rik

 R
ei

m
hu

lt 

La
bo

ra
to

ry
 fo

r S
ur

fa
ce

 S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y,

 D
ep

ar
tm

en
t o

f M
at

er
ia

l S
ci

en
ce

, E
TH

 Z
ur

ic
h,

 
S

w
itz

er
la

nd
. E

-m
ai

l: 
es

th
er

.a
m

st
ad

@
m

at
.e

th
z.

ch
 

S
up

er
pa

ra
m

ag
ne

tic
 i

ro
n 

ox
id

e 
na

no
pa

rti
cl

es
 

(S
P

IO
N

s)
 a

re
 n

ot
 o

nl
y 

of
 s

ci
en

tif
ic

 b
ut

 a
ls

o 
of

 
co

m
m

er
ci

al
 

in
te

re
st

 
e.

g.
 

fo
r 

co
nt

ra
st

 
en

ha
nc

ed
 m

ag
ne

tic
 re

so
na

nc
e 

im
ag

in
g 

(M
R

I).
 

C
om

m
er

ci
al

ly
 a

va
ila

bl
e 

iro
n 

ox
id

e 
ba

se
d 

M
R

 
co

nt
ra

st
 a

ge
nt

s 
ar

e 
of

te
n 

st
ab

ili
ze

d 
w

ith
 h

ig
h 

m
ol

ec
ul

ar
 w

ei
gh

t s
ur

fa
ct

an
ts

 s
uc

h 
as

 d
ex

tra
n 

or
 

si
lo

xa
ne

s.
 

Th
e 

co
m

pa
ra

bl
y 

lo
w

 
bi

nd
in

g 
af

fin
ity

 o
f t

he
se

 s
ur

fa
ct

an
ts

 to
w

ar
ds

 ir
on

 o
xi

de
 

le
ad

s 
to

 
po

or
 

pa
rti

cl
e 

st
ab

ili
ty

 
an

d 
lim

ite
d 

co
nt

ro
l 

ov
er

 
th

e 
in

te
rfa

ci
al

 
ch

em
is

try
. 

Th
e 

la
tte

r 
po

in
t 

is
 im

po
rta

nt
 f

or
 e

ffi
ci

en
t 

ta
rg

et
in

g 
w

hi
ch

 is
 t

ho
ug

ht
 t

o 
le

ad
 t

o 
ce

llu
la

r 
or

 
ev

en
 m

ol
ec

ul
ar

 re
so

lu
tio

n 
in

 M
R

I. 
Th

e 
st

ab
ili

za
tio

n 
of

 in
di

vi
du

al
 ir

on
 o

xi
de

 c
or

es
 w

ith
 

lo
w

 m
ol

ec
ul

ar
 w

ei
gh

t 
di

sp
er

sa
nt

s,
 w

hi
ch

 h
av

e 
on

e 
hi

gh
 a

ffi
ni

ty
 b

in
di

ng
 g

ro
up

 p
er

 
m

ol
ec

ul
e,

 is
 a

n 
at

tra
ct

iv
e 

al
te

rn
at

iv
e 

to
 th

e 
co

m
m

er
ci

al
ly

 u
se

d 
st

ab
ili

za
tio

n 
m

et
ho

d.
 It

 
no

t o
nl

y 
le

ad
s 

to
 h

ig
he

r 
pa

rti
cl

e 
st

ab
ili

ty
 b

ut
 a

ls
o 

al
lo

w
s 

fo
r 

a 
sm

al
le

r 
hy

dr
od

yn
am

ic
 

di
am

et
er

 a
nd

 a
 c

on
tro

lle
d 

in
te

rfa
ci

al
 c

he
m

is
try

. 

Fi
gu

re
 1

: L
ay

er
-b

y-
la

ye
r b

ui
ld

-u
p 

of
 

in
di

vi
du

al
ly

 s
ta

bi
liz

ed
, f

un
ct

io
na

liz
ed

 
S

P
IO

N
s 

S
up

er
pa

ra
m

ag
ne

tic
 ir

on
 o

xi
de

 n
an

op
ar

tic
le

s 
ha

ve
 b

ee
n 

sy
nt

he
si

ze
d 

by
 a

n 
aq

ue
ou

s 
pr

ec
ip

ita
tio

n 
ro

ut
e1 . 

P
E

G
-g

al
lo

l, 
a 

lo
w

 m
ol

ec
ul

ar
 w

ei
gh

t, 
si

ng
le

 c
ha

in
, 

on
e 

fo
ot

, 
di

sp
er

sa
nt

, 
w

as
 u

se
d 

to
 in

di
vi

du
al

ly
 s

ta
bi

liz
e 

th
es

e 
S

P
IO

N
s 

(fi
g.

 1
). 

G
al

lo
l s

ho
w

s 
a 

co
m

pa
ra

bl
y 

hi
gh

 b
in

di
ng

 a
ffi

ni
ty

 to
w

ar
ds

 ir
on

 o
xi

de
. I

t i
s 

a 
de

riv
at

iv
e 

of
 th

e 
am

in
o 

ac
id

 
D

O
P

A
, 

ab
un

da
nt

ly
 p

re
se

nt
 i

n 
th

e 
m

us
se

l 
ad

he
si

ve
 p

ro
te

in
 M

yt
ilu

s 
ed

ul
is

2 . 
Th

es
e 

P
E

G
-g

al
lo

l c
oa

te
d 

pa
rti

cl
es

 a
re

 s
ta

bl
e 

un
de

r p
hy

si
ol

og
ic

al
 c

on
di

tio
ns

 fo
r m

or
e 

th
an

 9
 

m
on

th
s.

 
Fu

rth
er

m
or

e,
 

w
e 

co
ul

d 
de

si
gn

 
th

e 
in

te
rfa

ci
al

 
ch

em
is

try
 

of
 

th
es

e 
na

no
pa

rti
cl

es
 b

y 
ad

so
rb

in
g 

a 
m

ix
tu

re
 o

f 
m

et
ho

xy
 t

er
m

in
at

ed
 a

nd
 b

io
tin

yl
at

ed
 P

E
G

-
ga

llo
l 

on
 

iro
n 

ox
id

e 
na

no
pa

rti
cl

es
. 

Th
is

 
al

lo
w

ed
 

us
 

to
 

fu
nc

tio
na

liz
e 

th
es

e 
na

no
pa

rti
cl

es
 w

ith
 a

ny
 b

io
tin

yl
at

ed
 li

ga
nd

 u
si

ng
 t

he
 n

eu
tra

vi
di

n-
bi

ot
in

 li
nk

ag
e.

 A
fte

r 
ha

vi
ng

 c
om

pa
re

d 
th

e 
si

ze
, 

si
ze

 d
is

tri
bu

tio
n 

an
d 

m
ag

ne
tic

 p
ro

pe
rti

es
 P

E
G

-g
al

lo
l 

st
ab

iliz
ed

 S
P

IO
N

s 
to

 F
er

id
ex

, a
 c

om
m

er
ci

al
ly

 a
va

ila
bl

e 
de

xt
ra

n 
st

ab
iliz

ed
 ir

on
 o

xi
de

 
ba

se
d 

M
R

 c
on

tra
st

 a
ge

nt
, 

th
e 

am
ou

nt
 o

f 
P

E
G

-g
al

lo
l 

an
d 

ne
ut

ra
vi

di
n 

ad
so

rb
ed

 o
n 

on
e 

pa
rti

cl
e 

w
as

 q
ua

nt
ifi

ed
. 

Fi
na

lly
, 

bi
ot

in
yl

at
ed

 a
nt

i-h
um

an
 V

C
A

M
 a

nt
ib

od
ie

s 
w

er
e 

bo
un

d 
to

 th
es

e 
in

di
vi

du
al

ly
 s

ta
bi

liz
ed

 n
eu

tra
vi

di
n 

be
ar

in
g 

S
P

IO
N

s.
 V

C
A

M
 is

 th
ou

gh
t 

to
 b

e 
an

 e
ar

ly
 m

ar
ke

r 
of

 a
th

er
os

cl
er

os
is

 a
nd

 a
 w

el
l s

ui
te

d 
re

ce
pt

or
 fo

r 
ta

rg
et

ed
 M

R
 

co
nt

ra
st

 a
ge

nt
s3 . S

pe
ci

fic
, f

as
t a

nd
 s

tro
ng

 b
in

di
ng

 o
f s

o-
fu

nc
tio

na
liz

ed
 p

ar
tic

le
s 

w
as

 
sh

ow
n 

by
 in

 v
itr

o 
qu

ar
tz

 c
ry

st
al

 m
ic

ro
ba

la
nc

e 
w

ith
 d

is
si

pa
tio

n 
m

on
ito

rin
g 

(Q
C

M
-D

) 
m

ea
su

re
m

en
ts

. 
Th

e 
hi

gh
 p

ar
tic

le
 s

ta
bi

lit
y,

 c
lo

se
 c

on
tro

l 
ov

er
 t

he
 h

yd
ro

dy
na

m
ic

 
di

am
et

er
, 

na
rr

ow
 

pa
rti

cl
e 

si
ze

 
di

st
rib

ut
io

n 
an

d 
hi

gh
 

fle
xi

bi
lit

y 
fo

r 
fu

rth
er

 
fu

nc
tio

na
liz

at
io

n 
of

 th
es

e 
S

P
IO

N
s 

op
en

s 
up

 a
ttr

ac
tiv

e 
po

ss
ib

ili
tie

s 
fo

r 
fu

rth
er

 s
tu

di
es

 
m

ai
nl

y,
 b

ut
 n

ot
 e

xc
lu

si
ve

ly
, i

n 
th

e 
fie

ld
 o

f t
ar

ge
te

d 
M

R
I. 

1  
M

as
sa

rt,
 R

., 
Ie

ee
 T

ra
ns

ac
tio

ns
 o

n 
M

ag
ne

tic
s1

7 
(2

), 
12

47
 (1

98
1)

. 
2  

W
ai

te
, J

. H
. a

nd
 T

an
ze

r, 
M

. L
., 

Bi
oc

he
m

ic
al

 a
nd

 B
io

ph
ys

ic
al

 R
es

ea
rc

h 
Co

m
m

un
ic

at
io

ns
96

 (4
), 

15
54

 
(1

98
0)

. 
3  

K
el

ly
, K

. A
., 

A
llp

or
t, 

J. 
R

., 
Ts

ou
rk

as
, A

., 
Sh

in
de

-P
at

il,
 V

. R
., 

Jo
se

ph
so

n,
 L

., 
an

d 
W

ei
ss

le
de

r, 
R

., 
C

ir
cu

la
tio

n 
Re

se
ar

ch
96

 (3
), 

32
7 

(2
00

5)
. #

7
4

#
7

3



Fi
g.

 1
 

Fi
g.

 2
 

Fi
g.

 3
 

Pr
ep

ar
at

io
n 

U
ni

m
ag

 D
ur

in
g 

D
yn

am
ic

 E
ch

oh
ys

te
ro

sa
lp

in
go

sc
op

y 
in

 T
he

 
E

xp
er

im
en

ta
l S

tu
dy

 

A
.B

ag
hi

sh
vi

li1 , B
.S

ur
gu

la
dz

e1 , T
.T

sk
iti

sh
vi

li1 ,  
R

.L
ut

id
ze

2 ,  
B

.T
ke

sh
el

as
hv

ili
3

1.
 S

c.
 la

bo
ra

to
ry

  “
M

ag
ne

tic
 fl

ui
ds

 in
 m

ed
ic

in
e 

an
d 

bi
ol

og
y”

  (
A

TT
 L

td
), 

6/
10

 B
ar

at
as

hv
ili

 st
r. 

Tb
ili

si
, 0

10
5,

 G
eo

rg
ia

, 
at

t.b
vs

@
po

st
.g

e;
  2

. T
bi

lis
i S

ta
te

 M
ed

ic
al

 U
ni

ve
rs

ity
, 3

3 
V

aj
a-

Ps
ha

ve
la

 a
v,

 T
bi

lis
i, 

01
05

, G
eo

rg
ia

;  
3.

 M
ed

ic
al

 C
en

te
r o

f D
av

id
 T

at
is

hv
ili

. 

Im
ag

in
g 

m
et

ho
ds

, 
in

cl
ud

in
g 

x-
ra

y 
an

d 
co

nt
ra

st
 u

ltr
as

ou
nd

 e
xa

m
in

at
io

ns
, 

ha
ve

 a
n 

im
po

rta
nt

 
pl

ac
e 

in
 d

ia
gn

os
is

 o
f 

di
se

as
es

 o
f 

fe
m

al
e 

re
pr

od
uc

tiv
e 

or
ga

ns
. 

Th
ey

 a
re

 p
ar

tic
ul

ar
ly

 u
se

fu
l 

in
 

de
te

rm
in

in
g 

tu
ba

l i
nf

er
til

ity
. C

on
tra

st
 s

on
og

ra
ph

y 
ha

s 
ad

va
nt

ag
es

 o
ve

r 
x-

ra
y 

ex
am

in
at

io
n 

in
 th

at
 it

 is
 

lit
er

al
ly

 h
ar

m
le

ss
 a

nd
 g

iv
es

 o
pp

or
tu

ni
ty

 o
f d

yn
am

ic
 in

ve
st

ig
at

io
n.

 Y
et

 th
is

 m
et

ho
d 

ne
ed

s t
o 

be
 re

fin
ed

. 
O

ne
 o

f t
he

 im
po

rta
nt

 is
su

es
 a

re
 se

ar
ch

in
g,

 te
st

in
g 

an
d 

im
pl

an
tin

g 
hi

gh
ly

 e
ff

ec
tiv

e 
an

d 
ch

ea
pe

r c
on

tra
st

 
m

ed
ia

. Th
e 

pu
rp

os
e 

of
 t

hi
s 

ex
pe

rim
en

ta
l 

st
ud

y 
w

as
 t

o 
in

ve
st

ig
at

e 
op

ac
ify

in
g 

ab
ili

ty
 o

f 
Pr

ep
ar

at
io

n 
“U

ni
m

ag
” 

(m
ag

ne
tic

 f
lu

id
) 

du
rin

g 
dy

na
m

ic
 h

ys
te

ro
sa

lp
in

go
 c

on
tra

st
 s

on
og

ra
ph

y,
 p

er
fo

rm
ed

 i
n 

se
xu

al
ly

 m
at

ur
e 

fe
m

al
e 

ra
bb

its
. 2

 m
l o

f u
nd

ilu
te

d 
an

d 
di

lu
te

d 
(1

0-
fo

ld
 o

r 2
0-

fo
ld

) U
ni

m
ag

 w
as

 s
lo

w
ly

 
in

je
ct

ed
 in

to
 th

e 
in

ta
ct

 a
nd

 a
m

pu
ta

te
d 

ut
er

in
e 

tu
be

s 
of

 e
xp

er
im

en
ta

l a
ni

m
al

s 
vi

a 
a 

ca
th

et
er

. D
yn

am
ic

 
ob

se
rv

at
io

n 
w

as
 a

ch
ie

ve
d 

w
ith

 th
e 

ai
d 

of
 u

ltr
as

ou
nd

 m
ac

hi
ne

 –
 S

ie
m

en
s S

on
ol

in
e 

A
nt

ar
es

.  

O
bs

er
va

tio
n 

re
ve

al
ed

 a
 m

ar
ke

d 
op

ac
ify

in
g 

ab
ili

ty
 o

f t
hi

s 
m

ag
ne

tic
 fl

ui
d 

re
ga

rd
le

ss
 it

s 
di

lu
tio

n.
  

In
je

ct
io

n 
of

 u
nd

ilu
te

d 
U

ni
m

ag
 e

na
bl

ed
 to

 v
ie

w
 u

te
rin

e 
ho

rn
s 

on
 u

ltr
as

ou
nd

 (
Fi

g.
 1

). 
R

ab
bi

ts
 h

av
in

g 
tie

d 
ut

er
in

e 
ho

rn
 d

em
on

st
ra

te
d 

“a
m

pu
ta

te
d 

ho
rn

” 
on

 s
on

og
ra

ph
y 

(F
ig

. 
2)

. 
D

ur
in

g 
on

e 
of

 t
he

 
ex

pe
rim

en
ts

 U
ni

m
ag

 w
as

 a
cc

id
en

ta
lly

 i
nj

ec
te

d 
in

to
 t

he
 u

rin
ar

y 
bl

ad
de

r. 
V

is
ua

l 
ef

fe
ct

 w
as

 v
er

y 
im

pr
es

si
ve

 (
Fi

g.
 3

). 
  

U
ni

m
ag

, 
ev

en
 2

0-
fo

ld
 d

ilu
te

d,
 d

is
pl

ay
s 

m
ar

ke
d 

op
ac

ify
in

g 
ab

ili
ty

 d
ur

in
g 

dy
na

m
ic

 h
ys

te
ro

sa
lp

in
go

 c
on

tra
st

 s
on

og
ra

ph
y 

in
 a

du
lt 

fe
m

al
e 

ra
bb

its
, t

ha
t 

su
gg

es
ts

 h
ig

h 
di

ag
no

st
ic

 
po

te
nt

ia
l o

f t
hi

s s
ub

st
an

ce
 d

ur
in

g 
ul

tra
so

un
d 

ex
am

in
at

io
ns

. 

R
es

ul
ts

 o
f 

th
is

 e
xp

er
im

en
ta

l 
st

ud
y 

to
ge

th
er

 w
ith

 t
he

 r
ec

en
t 

ex
pe

rie
nc

e 
of

 U
ni

m
ag

 u
sa

ge
 i

n 
su

rg
ic

al
 p

ra
ct

ic
e 

su
gg

es
t t

ha
t i

t i
s 

ex
pe

di
en

t t
o 

us
e 

th
is

 p
re

pa
ra

tio
n 

du
rin

g 
dy

na
m

ic
 h

ys
te

ro
sa

lp
in

go
 

co
nt

ra
st

 so
no

gr
ap

hy
 in

 w
om

en
.  

M
ag

ne
tic

 R
es

on
an

ce
 T

om
og

ra
ph

y 
us

in
g 

Fe
rr

om
ag

ne
tic

 S
ph

er
es

 
M

la
de

n 
B

ar
bi

c1*
, C

hr
is

to
ph

er
 B

ar
re

tt
1 , a

nd
 A

xe
l S

ch
er

er
2

1.
 P

hy
si

cs
 a

nd
 A

st
ro

no
m

y,
 C

al
ifo

rn
ia

 S
ta

te
 U

ni
ve

rs
ity

, L
on

g 
B

ea
ch

, C
A

 9
08

40
, U

SA
 

2.
 E

le
ct

ric
al

 E
ng

in
ee

rin
g,

 C
al

ifo
rn

ia
 In

st
itu

te
 o

f T
ec

hn
ol

og
y,

 P
as

ad
en

a,
 C

A
 9

11
25

, U
SA

 
* 

m
ba

rb
ic

@
cs

ul
b.

ed
u

Th
er

e 
ha

s 
be

en
 a

 s
te

ad
y 

ad
va

nc
e 

in
 t

he
 f

ie
ld

 o
f 

M
ag

ne
tic

 R
es

on
an

ce
 I

m
ag

in
g

(M
R

I)
 t

ow
ar

ds
 h

ig
he

r 
re

so
lu

tio
n,

 w
ith

 t
he

 u
lti

m
at

e 
go

al
 o

f 
at

om
ic

 i
m

ag
in

g 
ca

pa
bi

lit
y.

 
Th

e 
at

tra
ct

io
n 

an
d 

in
te

ns
e 

re
se

ar
ch

 i
nt

er
es

t 
to

w
ar

ds
 3

D
 M

R
I 

w
ith

 h
ig

he
r 

re
so

lu
tio

n 
is

 
dr

iv
en

 b
y 

th
e 

w
el

l-k
no

w
n 

ad
va

nt
ag

es
 o

f 
M

R
I 

as
 a

 t
hr

ee
-d

im
en

si
on

al
, 

no
n-

in
va

si
ve

, 
m

ul
ti-

co
nt

ra
st

, a
nd

 c
he

m
ic

al
ly

 sp
ec

ifi
c 

im
ag

in
g 

to
ol

. T
he

 la
rg

es
t m

ea
su

re
m

en
t c

ha
lle

ng
es

 
st

em
 fr

om
 w

ea
k 

si
gn

al
s 

ty
pi

ca
l o

f h
ig

h-
re

so
lu

tio
n 

m
ag

ne
tic

 re
so

na
nc

e,
 a

nd
 th

e 
lim

ita
tio

n
of

 a
va

ila
bl

e 
gr

ad
ie

nt
 fi

el
d 

st
re

ng
th

s f
ro

m
 c

ur
re

nt
 c

ar
ry

in
g 

co
nd

uc
to

rs
.

W
e 

w
ill

 p
re

se
nt

 t
he

 m
et

ho
do

lo
gy

 f
or

 o
bt

ai
ni

ng
 t

w
o-

 a
nd

 t
hr

ee
-d

im
en

si
on

al
m

ag
ne

tic
 re

so
na

nc
e 

im
ag

es
 b

y 
us

in
g 

az
im

ut
ha

lly
 s

ym
m

et
ric

 d
ip

ol
ar

 m
ag

ne
tic

 fi
el

ds
 fr

om
fe

rr
om

ag
ne

tic
 n

an
o-

sp
he

re
s 

[1
]. 

W
e 

ut
ili

ze
 th

e 
sy

m
m

et
ric

 p
ro

pe
rty

 o
f a

 g
eo

m
et

ric
 s

ph
er

e 
in

 th
e 

pr
es

en
ce

 o
f a

 la
rg

e 
ex

te
rn

al
ly

 a
pp

lie
d 

m
ag

ne
tic

 fi
el

d 
to

 d
em

on
st

ra
te

 th
at

 a
 c

om
pl

et
e

tw
o-

 o
r 

th
re

e-
di

m
en

si
on

al
 s

tru
ct

ur
ed

 r
en

de
rin

g 
of

 a
 s

am
pl

e 
ca

n 
be

 o
bt

ai
ne

d 
w

ith
ou

t t
he

 
m

ot
io

n 
of

 t
he

 s
am

pl
e 

re
la

tiv
e 

to
 t

he
 s

ph
er

e.
 S

eq
ue

nt
ia

l 
po

si
tio

ni
ng

 o
f 

th
e 

in
te

gr
at

ed
 

sa
m

pl
e-

sp
he

re
 s

ys
te

m
 i

n 
an

 e
xt

er
na

l 
m

ag
ne

tic
 f

ie
ld

 a
t 

va
rio

us
 a

ng
ul

ar
 o

rie
nt

at
io

ns
 

pr
ov

id
es

 a
ll 

th
e 

re
qu

ire
d 

im
ag

in
g 

sl
ic

es
 f

or
 s

uc
ce

ss
fu

l c
om

pu
te

riz
ed

 to
m

og
ra

ph
ic

 im
ag

e
re

co
ns

tru
ct

io
n.

 T
he

 e
lim

in
at

io
n 

of
 t

he
 r

eq
ui

re
m

en
t 

to
 s

ca
n 

th
e 

sa
m

pl
e 

re
la

tiv
e 

to
 t

he
 

fe
rr

om
ag

ne
tic

 t
ip

 i
n 

th
is

 i
m

ag
in

g 
pr

ot
oc

ol
 i

s 
a 

po
te

nt
ia

lly
 v

al
ua

bl
e 

si
m

pl
ifi

ca
tio

n
co

m
pa

re
d 

to
 p

re
vi

ou
s 

sc
an

ni
ng

 p
ro

be
 a

to
m

ic
 r

es
ol

ut
io

n 
m

ag
ne

tic
 r

es
on

an
ce

 i
m

ag
in

g
pr

op
os

al
s, 

an
d 

a 
po

te
nt

ia
lly

 si
gn

ifi
ca

nt
 n

ew
 a

pp
lic

at
io

n 
of

 fe
rr

om
ag

ne
tic

 sp
he

re
s. 

[1
] M

. B
ar

bi
c 

an
d 

A
. S

ch
er

er
, J

ou
rn

al
 o

f M
ag

ne
tic

 R
es

on
an

ce
18

1,
 2

23
 (2

00
6)

. 

#
7

6
#

7
5



A
 n

ew
 M

R
 a

ct
iv

e 
C

ol
lo

id
al

 A
m

in
e-

Fu
nc

tio
na

liz
ed

 Ir
on

 O
xi

de
 N

an
oa

ss
em

bl
y

K
. C

. B
ar

ic
k1 , M

. A
sl

am
2 , P

ot
tu

m
ar

th
i V

. P
ra

sa
d3 , V

in
ay

k 
P.

 D
ra

vi
d4,

5  a
nd

 D
. B

ah
ad

ur
1,

* 

1 D
ep

t. 
of

 M
et

al
lu

rg
ic

al
 E

ng
in

ee
rin

g 
&

 M
at

er
ia

ls
 S

ci
en

ce
, I

IT
 B

om
ba

y,
 M

um
ba

i-4
00

07
6,

 IN
D

IA
 

2 D
ep

t. 
of

 P
hy

si
cs

, I
IT

 B
om

ba
y,

 M
um

ba
i-4

00
07

6,
 IN

D
IA

 
3 D

ep
ar

tm
en

t o
f R

ad
io

lo
gy

, M
R

I, 
Ev

an
st

on
 N

or
th

w
es

te
rn

 H
ea

lth
ca

re
, E

va
ns

to
n,

 IL
 6

02
01

, U
SA

 
4 D

ep
t. 

of
 M

at
er

ia
ls

 S
ci

en
ce

 &
 E

ng
in

ee
rin

g,
 N

or
th

w
es

te
rn

 U
ni

ve
rs

ity
, E

va
ns

to
n,

 IL
 6

02
08

, U
SA

 
5 In

te
rn

at
io

na
l I

ns
tit

ut
e 

fo
r N

an
ot

ec
hn

ol
og

y,
 N

or
th

w
es

te
rn

 U
ni

ve
rs

ity
, E

va
ns

to
n,

 IL
 6

02
08

, U
SA

 
*C

or
re

sp
on

di
ng

 a
ut

ho
r:-

 P
ho

ne
 N

o.
 +

91
-2

2-
25

76
76

32
, F

ax
 N

o.
 +

91
-2

2-
25

76
34

80
, E

m
ai

l: 
dh

ire
nb

@
iit

b.
ac

.in
 

W
e 

pr
op

os
e 

he
re

 a
 s

in
gl

e-
st

ep
 s

im
pl

e 
pr

oc
es

s 
fo

r 
th

e 
di

re
ct

 f
or

m
at

io
n 

of
 n

an
o-

co
llo

id
al

 
as

se
m

bl
ie

s 
of

 a
m

in
e-

fu
nc

tio
na

liz
ed

 m
ag

ne
tic

na
no

pa
rti

cl
es

. H
ig

h 
te

m
pe

ra
tu

re
 th

er
m

al
 d

ec
om

po
si

tio
n 

of
 

Fe
-c

hl
or

id
e 

pr
ec

ur
so

rs
 

w
as

 
ca

rr
ie

d 
ou

t 
in

 
et

hy
le

ne
 

gl
yc

ol
 

m
ed

iu
m

 
in

 
th

e 
pr

es
en

ce
 

of
 

et
hy

le
ne

di
am

in
e 

m
ol

ec
ul

es
 to

 a
ch

ie
ve

 h
ig

hl
y 

w
at

er
-s

ta
bl

e 
co

llo
id

al
 F

e 3
O

4 n
an

oa
ss

em
bl

ie
s. 

Th
e 

X
-r

ay
 

di
ff

ra
ct

io
n 

st
ud

ie
s 

co
nf

irm
 th

e 
fo

rm
at

io
n 

of
 s

in
gl

e 
ph

as
e 

Fe
3O

4
an

d 
its

 n
an

oc
ry

st
al

lin
e 

na
tu

re
. F

ro
m

 
TE

M
 (

Fi
g.

 1
a)

, i
t h

as
 b

ee
n 

ob
se

rv
ed

 th
at

 th
e 

si
ze

 o
f 

as
se

m
bl

ie
s 

is
 ~

 5
0 

nm
 w

he
re

 a
s 

th
e 

in
di

vi
du

al
 

na
no

pa
rti

cl
es

 in
 th

e 
as

se
m

bl
ie

s 
ar

e 
of

 th
e 

si
ze

 a
bo

ut
 6

 n
m

. T
he

 s
ur

fa
ce

 fu
nc

tio
na

liz
at

io
n 

of
 m

ag
ne

tic
 

na
no

pa
rti

cl
es

 w
ith

 a
m

in
e 

m
ol

ec
ul

es
 is

 e
vi

de
nt

 f
ro

m
 F

TI
R

, t
he

rm
al

 a
nd

 C
H

N
 a

na
ly

si
s. 

A
m

in
e 

gr
ou

ps
 

on
 th

e 
in

di
vi

du
al

 n
an

op
ar

tic
le

s 
ac

ts 
as

 th
e 

dr
iv

in
g 

so
ur

ce
 fo

r t
he

 fo
rm

at
io

n 
of

 n
an

oa
ss

em
bl

ie
s 

as
 w

el
l 

as
 t

he
ir 

st
ro

ng
 s

ta
bi

liz
at

io
n 

in
 w

at
er

. 
In

 o
rd

er
 t

o 
fin

d 
ou

t 
th

e 
po

te
nt

ia
l 

ap
pl

ic
at

io
ns

 o
f 

th
es

e 
na

no
as

se
m

bl
ie

s 
in

 m
ag

ne
tic

 r
es

on
an

ce
 i

m
ag

in
g 

(M
R

I)
, w

e 
in

ve
st

ig
at

ed
 t

he
 m

ag
ne

tic
 p

ro
pe

rti
es

 a
nd

 
in

du
ce

d 
M

R
 si

gn
al

s. 
Fi

g.
 1

b 
sh

ow
s t

he
 T

1-
w

ei
gh

te
d 

M
R

, T
2-

w
ei

gh
te

d 
M

R
 a

nd
 T

2 
co

lo
r m

ap
 o

f F
e 3

O
4

na
no

as
se

m
bl

ie
s 

at
 v

ar
io

us
 c

on
ce

nt
ra

tio
n 

of
 F

e 
io

ns
. T

he
 s

at
ur

at
io

n 
m

ag
ne

tiz
at

io
n 

an
d 

sp
in

-e
ch

o 
r 2

 o
f 

th
es

e 
na

no
as

se
m

bl
ie

s 
w

er
e 

fo
un

d 
to

 b
e 

49
 e

m
u/

gm
 a

nd
 3

14
.6

 m
M

-1
 s

-1
 r

es
pe

ct
iv

el
y.

 T
he

 r
el

ax
iv

ity
 

ra
tio

,r
2/r

1 
of

 F
e 3

O
4 

na
no

as
se

m
bl

ie
s 

is
 f

ou
nd

 t
o 

be
 1

43
 w

hi
ch

 i
s 

m
uc

h 
hi

gh
er

 t
ha

n 
th

e 
co

m
m

er
ci

al
 

co
nt

ra
st

 a
ge

nt
 (F

er
om

ox
yt

ol
). 

Th
e 

hi
gh

 v
al

ue
 o

fr
el

ax
iv

ity
 ra

tio
 in

di
ca

te
s t

ha
t t

he
se

 n
an

oa
ss

em
bl

ie
s a

re
 

ve
ry

 
pr

om
is

in
g 

hi
gh

 
ef

fic
ie

nc
y 

T2
 

co
nt

ra
st

 
ag

en
ts

. 
In

 
fu

tu
re

, 
th

es
e 

su
rf

ac
e 

fu
nc

tio
na

liz
ed

 
na

no
as

se
m

bl
ie

s c
ou

ld
 b

e 
ex

pl
or

ed
 fo

r t
ar

ge
te

d 
dr

ug
 d

el
iv

er
y.

(b
)

( a
)

Fi
g.

 1
. (

a)
 T

EM
 im

ag
e 

of
 F

e 3
O

4 n
an

oa
ss

em
bl

ie
s 

an
d 

(b
) i

ts
 T

1-
w

ei
gh

te
d 

M
R

, T
2-

w
ei

gh
te

d 
M

R
 im

ag
es

 a
nd

 T
2 

co
lo

r m
ap

 
at

 v
ar

io
us

 c
on

ce
nt

ra
tio

ns
 o

f F
e 

io
ns

 (f
ro

m
 le

ft:
 0

.0
06

, 0
.0

12
, 0

.0
25

, 0
.0

32
, 0

.0
39

, 0
.0

52
, 0

.0
65

, 0
.0

97
 m

M
)  

FE
R

R
IT

E
N

A
N

O
PA

R
TI

C
LE

S
A

S 
N

EG
A

TI
V

E
C

O
N

TR
A

ST
A

G
EN

TS
FO

R
M

A
G

N
ET

IC
R

ES
O

N
A

N
C

E
IM

A
G

IN
G

A
.B

on
i1 ,

M
.F

.C
as

ul
a,

2
P.

Fl
or

is,
2

C
.I

nn
oc

en
ti,

1
A

.L
as

ci
al

fa
ri,

3
M

.M
ar

in
on

e,
3

C
. S

an
gr

eg
or

io
1

1 D
ip

.d
i

C
hi

m
ic

a
an

d
IN

ST
M

,U
ni

v.
di

Fi
re

nz
e,

vi
a

de
lla

La
st

ru
cc

ia
,3

Se
sto

F.
no

50
01

9,
Ita

ly
;

2 D
ip

.
di

Sc
ie

nz
e

C
hi

m
ic

he
an

d
IN

ST
M

,U
ni

v.
di

C
ag

lia
ri,

C
itt

ad
el

la
U

ni
ve

rs
ita

ria
,M

on
se

rra
to

09
04

2,
Ita

ly
;3 Is

t.
di

Fi
si

ol
og

ia
e

C
hi

m
ic

a
B

io
lo

gi
ca

,U
ni

v.
di

M
ila

no
,V

ia
Tr

en
ta

co
ste

2,
 2

01
34

, M
ila

no
,I

ta
ly

.

M
ag

ne
tic

R
es

on
an

ce
Im

ag
in

g
(M

R
I)

is
on

e
of

th
e

m
os

ti
m

po
rta

nt
no

n-
in

va
siv

e
te

ch
ni

qu
es

fo
rt

he
di

ag
no

sis
of

di
se

as
es

,e
sp

ec
ia

lly
in

so
ft

tis
su

es
of

th
e

hu
m

an
bo

dy
 li

ke
in

te
rn

al
 o

rg
an

s,
m

us
cl

es
, t

en
do

ns
, e

tc
. T

he
 c

on
tra

st 
in

M
R

I i
s b

as
ed

 o
n

th
e

de
ns

ity
di

str
ib

ut
io

n
of

pr
ot

on
s

or
ot

he
rn

uc
le

ii
n

di
ffe

re
nt

pa
rts

of
th

e
tis

su
e,

w
ei

gh
te

d
on

th
ei

r
nu

cl
ea

r
re

la
xa

tio
n

sp
in

-s
pi

n
(T

2)
an

d
sp

in
-la

tti
ce

(T
1)

tim
es

.
Th

e
ai

m
of

a
m

or
e

w
id

es
pr

ea
d

us
e

of
th

is
di

ag
no

sti
c

to
ol

ha
s

in
sp

ire
d

in
te

ns
e

re
se

ar
ch

fo
cu

se
d

on
th

e
pr

ep
ar

at
io

n
of

co
nt

ra
st

ag
en

ts
(C

A
)w

hi
ch

m
ay

in
cr

ea
se

th
e

na
tu

ra
l

co
nt

ra
st.

Su
pe

rp
ar

am
ag

ne
tic

na
no

pa
rti

cl
es

ar
e

go
od

ca
nd

id
at

es
,

as
th

ey
ha

ve
be

en
fo

un
d

to
be

ef
fe

ct
iv

e
in

m
od

ify
in

g
th

e
T 2

re
la

xa
tio

n,
in

du
ci

ng
a

lo
ca

ld
ec

re
as

e
of

 th
e 

sig
na

li
nt

en
sit

y 
(n

eg
at

iv
e

C
A

).

In
th

is
w

or
k

w
e

in
ve

sti
ga

te
d

m
on

od
isp

er
se

fe
rr

ite
na

no
pa

rti
cl

es
,M

Fe
2O

4,
M

=
Fe

,M
n

an
d

C
o,

pr
ep

ar
ed

by
ra

pi
d

de
co

m
po

sit
io

n
of

m
et

al
ca

rb
on

yl
in

to
a

ho
t

so
lv

en
ti

n
th

e
pr

es
en

ce
of

a
co

or
di

na
tin

g
su

rfa
ct

an
t,

fo
llo

w
ed

by
an

ox
id

at
io

n
ste

p.
Th

e
siz

e
of

th
e

pa
rti

cl
es

w
as

tu
ne

d
in

th
e

4-
12

nm
ra

ng
e,

by
va

ry
in

g
th

e
m

et
al

ca
rb

on
yl

/su
rfa

ct
an

tm
ol

ar
ra

tio
.T

hi
s

al
lo

w
ed

a
sy

ste
m

at
ic

in
ve

sti
ga

tio
n

of
th

e
de

pe
nd

en
ce

of
th

e 
re

la
xo

m
et

ric
 e

ff
ic

ac
y

on
 th

e 
m

ag
ne

tic
pr

op
er

tie
s, 

w
hi

ch
in

tu
rn

,
de

pe
nd

s
on

th
e

pa
rti

cl
es

di
m

en
sio

n
an

d
co

m
po

sit
io

n.
In

pa
rti

cu
la

r,
th

e
co

m
pa

ris
on

be
tw

ee
n

th
e

m
ag

ne
tic

be
ha

vi
ou

r
of

th
e

th
re

e
sy

ste
m

s
co

ns
id

er
ed

is
us

ef
ul

to
cl

ar
ify

th
e

ro
le

of
m

ag
ne

tic
an

iso
tro

py
in

th
e

sh
or

te
ni

ng
of

th
e

re
la

xa
tio

n
tim

es
.A

fu
ll

ch
ar

ac
te

riz
at

io
n

of
A

C
an

d
D

C
m

ag
ne

tic
pr

op
er

tie
s

w
as

ca
rr

ie
d

ou
ta

nd
co

m
pa

re
d

to
1 H

N
uc

le
ar

M
ag

ne
tic

R
es

on
an

ce
D

isp
er

si
on

(N
M

R
-

D
)d

at
a,

in
or

de
rt

o
co

rre
la

te
th

e
pr

op
er

tie
s

of
th

es
e

no
ve

lC
A

s
as

a
fu

nc
tio

n
of

siz
e,

sh
ap

e,
co

at
in

g
an

d
ki

nd
of

m
ag

ne
tic

io
n,

th
us

op
tim

iz
in

g
th

e
M

R
I

ef
fic

ie
nc

y 
th

ro
ug

h
a 

fe
ed

ba
ck

be
tw

ee
n 

sy
nt

he
sis

an
d 

N
M

R 
re

su
lts

.

#
7

8
#

7
7



Fi
gu

re
 1

. R
2 r

el
ax

iv
iti

es
 o

f i
ro

n 
ox

id
e 

na
no

pa
rti

cl
es

 w
ith

 v
ar

yi
ng

 a
m

ou
nt

 
of

 P
EO

 a
nd

 P
PO

 (e
.g

. 5
k 

PE
O

 =
 5

00
0 

g/
m

ol
 P

ol
ye

th
yl

en
e 

ox
id

e)
, 

co
m

pa
re

d 
w

ith
 F

er
id

ex
®
.

In
 th

is
 p

ap
er

 w
e 

w
ill

 in
tro

du
ce

 a
 se

rie
s 

of
 d

es
ig

n 
co

ns
id

er
at

io
ns

 fo
r t

he
 o

pt
im

is
at

io
n 

of
 m

ag
ne

tic
 n

an
op

ar
tic

le
s f

or
 u

se
 

as
 c

on
tra

st
 a

ge
nt

s 
in

 M
R

I. 
W

e 
w

ill
 th

en
 re

po
rt 

on
 a

 s
er

ie
s o

f p
ot

en
tia

l M
R

I c
on

tra
st

 a
ge

nt
s b

as
ed

 o
n 

iro
n 

ox
id

e 
na

no
pa

rti
cl

es
 c

oa
te

d 
w

ith
 p

ol
yp

ro
py

le
ne

 o
xi

de
 (P

PO
) a

nd
 p

ol
ye

th
yl

en
e 

ox
id

e 
(P

EO
) t

ha
t h

av
e 

be
en

 d
ev

el
op

ed
 fr

om
 

pr
ev

io
us

 w
or

k 
on

 th
es

e 
sy

st
em

s.
  T

he
se

 n
an

op
ar

tic
le

s 
ha

ve
 b

ee
n 

ch
ar

ac
te

ris
ed

 b
y 

a 
va

rie
ty

 o
f t

ec
hn

iq
ue

s 
to

 d
et

er
m

in
e 

th
ei

r s
tru

ct
ur

e 
an

d 
m

ag
ne

tic
 p

ro
pe

rti
es

. T
he

se
 te

ch
ni

qu
es

 in
cl

ud
e 

tra
ns

m
is

si
on

 e
le

ct
ro

n 
m

ic
ro

sc
op

y,
 S

Q
uI

D
 

m
ag

ne
to

m
et

ry
, d

yn
am

ic
 li

gh
t s

ca
tte

rin
g,

 s
m

al
l a

ng
le

 x
-R

ay
 s

ca
tte

rin
g,

 th
er

m
og

ra
vi

m
et

ric
 a

na
ly

si
s 

an
d 

el
em

en
ta

l 
an

al
ys

is
.

D
E

N
D

R
O

N
IS

E
D

 M
A

G
N

E
T

IT
E

 N
A

N
O

PA
R

T
IC

L
E

S 
A

S 
C

O
N

T
R

A
ST

 A
G

E
N

T
 F

O
R

 M
R

I 

T.
J. 

D
ao

u,
1  B

. B
as

ly
, 1

 A
. B

er
tin

,1  P
. P

er
ria

t, 1
 B

. P
ic

ho
n,

1  D
. F

el
de

r, 1
 G

. P
ou

rr
oy

, 1
 S

. B
ég

in
-

C
ol

in
1 *

1 In
st

itu
t d

e 
Ph

ys
iq

ue
 e

t C
hi

m
ie

 d
es

 M
at

ér
ia

ux
 d

e 
St

ra
sb

ou
rg

, U
M

R 
75

04
, 2

3 
ru

e 
du

 L
oe

ss
, 6

70
34

 
St

ra
sb

ou
rg

 C
ed

ex
2,

 F
ra

nc
e 

2  G
ro

up
e 

d’
Et

ud
e 

de
 M

ét
al

lu
rg

ie
 P

hy
si

qu
e 

et
 d

e 
Ph

ys
iq

ue
 d

es
 M

at
ér

ia
ux

, I
N

SA
 d

e 
Ly

on
, B

ât
im

en
t 

Bl
ai

se
 P

as
ca

l, 
7 

av
en

ue
 J

ea
n 

C
ap

el
le

, 6
96

21
 V

ill
eu

rb
an

e

M
ag

ne
tic

 r
es

on
an

ce
 i

m
ag

in
g 

(M
R

I)
 i

s 
on

e 
of

 t
he

 m
os

t 
po

w
er

fu
l 

te
ch

ni
qu

es
 i

n 
di

ag
no

st
ic

 
cl

in
ic

al
 m

ed
ic

in
e 

an
d 

bi
om

ed
ic

al
 r

es
ea

rc
h.

 T
o 

en
ha

nc
e 

th
e 

co
nt

ra
st

 b
et

w
ee

n 
no

rm
al

 a
nd

 d
is

ea
se

d 
tis

su
es

 o
r t

o 
in

di
ca

te
 o

rg
an

 fu
nc

tio
ns

 o
r b

lo
od

 fl
ow

, c
on

tra
st

 a
ge

nt
s 

ba
se

d 
on

 p
ar

am
ag

ne
tic

 g
ad

ol
in

iu
m

 
or

 m
an

ga
ne

se
 i

on
s, 

or
 s

up
er

pa
ra

m
ag

ne
tic

 p
ar

tic
le

s, 
co

ns
is

tin
g 

of
 c

ol
lo

id
al

 m
ag

ne
tic

 i
ro

n-
ba

se
d 

na
no

pa
rti

cl
es

, 
ar

e 
in

tra
ve

no
us

ly
 a

dm
in

is
te

re
d 

to
 p

at
ie

nt
s. 

Th
e 

la
tte

r 
fie

ld
 o

f 
iro

n 
na

no
pa

rti
cl

es
 h

av
e 

at
tra

ct
ed

 a
n 

in
cr

ea
si

ng
 i

nt
er

es
t 

in
 t

he
 l

as
t 

10
 y

ea
rs

 d
ue

. 
H

ow
ev

er
 t

he
 m

ai
n 

di
ff

ic
ul

ty
 i

s 
to

 o
bt

ai
n 

ho
m

og
en

eo
us

 a
nd

 s
ta

bl
e 

aq
ue

ou
s 

su
sp

en
si

on
s 

of
 ir

on
 o

xi
de

 n
an

op
ar

tic
le

s 
w

ith
ou

t a
gg

re
ga

te
s. 

In
de

ed
 

si
ze

s 
sm

al
le

r 
th

an
 2

00
 n

m
 a

re
 r

eq
ui

re
d 

to
 a

vo
id

 t
ox

ic
ity

 a
nd

 s
m

al
le

r 
th

an
 2

0n
m

 t
o 

im
pr

ov
e 

tis
su

la
r 

di
ff

us
io

n.
 Ir

on
 o

xi
de

 n
an

op
ar

tic
le

s, 
m

ai
nl

y 
m

ag
he

m
ite

, a
re

 in
 g

en
er

al
 c

oa
te

d 
w

ith
 d

ex
tra

n 
(s

ug
ar

-b
as

ed
 

po
ly

m
er

) a
nd

 p
re

pa
re

d 
by

 a
 m

et
ho

d 
le

ad
in

g 
to

 a
 w

id
e 

pa
rti

cl
e 

si
ze

 d
is

tri
bu

tio
n.

 In
 th

is
 w

or
k,

 v
er

y 
st

ab
le

 
aq

ue
ou

s 
su

sp
en

si
on

s 
of

 m
ag

ne
tit

e 
na

no
pa

rti
cl

es
 w

ith
 a

n 
av

er
ag

e 
si

ze
 o

f 1
0 

nm
 h

av
e 

be
en

 p
re

pa
re

d 
by

 
co

-p
re

ci
pi

ta
tio

n 
of

 ir
on

 c
hl

or
id

es
 b

y 
a 

ba
se

.1  T
he

se
 n

an
op

ar
tic

le
s h

av
e 

th
en

 b
ee

n 
co

va
le

nt
ly

 c
oa

te
d 

w
ith

 
a 

hy
dr

op
hi

lic
 p

ol
ye

th
yl

en
eg

ly
co

l-b
as

ed
 d

en
dr

on
 h

av
in

g 
a 

ph
os

ph
on

ic
 a

ci
d 

as
 a

 f
oc

al
 p

oi
nt

.2  T
he

 
su

sp
en

si
on

 s
ta

bi
lit

y 
ha

s 
be

en
 s

tu
di

ed
 a

s 
a 

fu
nc

tio
n 

of
 t

he
 g

ra
fti

ng
 r

at
e 

an
d 

op
tim

is
at

io
n 

of
 g

ra
fti

ng
 

co
nd

iti
on

s 
ha

s 
co

nd
uc

te
d 

to
 v

er
y 

st
ab

le
 s

us
pe

ns
io

ns
 o

f 
m

ag
ne

tit
e 

na
no

pa
rti

cl
es

 i
n 

w
at

er
. 

Th
e 

fu
nc

tio
na

liz
ed

 n
an

op
ar

tic
le

s 
ha

ve
 b

ee
n 

ca
re

fu
lly

 c
ha

ra
ct

er
iz

ed
 a

nd
 t

he
 m

ag
ne

tic
 a

nd
 r

el
ax

at
io

n 
pr

op
er

tie
s 

of
 th

e 
co

llo
id

al
 s

us
pe

ns
io

ns
 h

av
e 

be
en

 s
tu

di
ed

 in
 o

rd
er

 to
 e

va
lu

at
e 

th
e 

po
ss

ib
le

 u
se

 o
f t

he
se

 
m

at
er

ia
ls

 a
s M

R
I c

on
tra

st
 a

ge
nt

s. 

1  T
.J.

 D
ao

u,
 S

. B
ég

in
, G

. P
ou

rr
oy

, J
.M

. G
re

nè
ch

e,
 C

. U
lh

ac
q,

 C
. l

eu
vr

ey
, P

. L
eg

ar
é,

 G
. R

og
ez

, C
he

m
. M

at
er

., 
18

(1
8)

 (2
00

6)
 4

39
9 

2  T
. J

. D
ao

u,
 S

. B
ua

th
on

g,
 D

. U
ng

, B
. D

on
ni

o,
 G

. P
ou

rr
oy

, D
. G

ui
llo

n,
 S

. B
ég

in
, S

en
so

r 
an

d 
ac

tu
at

or
 B

, 1
26

 
(2

00
7)

 1
59

 

#
8

0
#

7
9



SY
N

T
H

E
SI

S 
A

N
D

 
C

H
A

R
A

C
T

E
R

IZ
A

T
IO

N
 

O
F 

X
Y

L
A

N
-C

O
A

T
E

D
 

M
A

G
N

E
T

IT
E

 M
IC

R
O

PA
R

T
IC

L
E

S,
 A

N
 A

L
T

E
R

N
A

T
IV

E
 F

O
R

 T
H

E
 O

R
A

L
 U

SE
 

O
F 

M
A

G
N

E
T

IC
 S

Y
ST

E
M

S 

É
ri

ca
 L

. S
ilv

a1 , A
m

an
da

 K
. A

. S
ilv

a1 , J
ul

ia
na

 F
. C

ar
va

lh
o1 , T

ha
le

s R
en

an
 F

. 
Po

nt
es

1 , E
lq

ui
o 

E
. O

liv
ei

ra
1 , B

ár
ba

ra
 L

. M
. F

. C
ar

ri
ço

2 ,E
. S

óc
ra

te
s T

. d
o 

E
gi

to
1 , 

A
rt

ur
 d

a 
Si

lv
a 

C
ar

ri
ço

3 . 
1 U

ni
ve

rs
id

ad
e 

Fe
de

ra
l d

o 
R

io
 G

ra
nd

e 
do

 N
or

te
, D

ep
ar

ta
m

en
to

 d
e 

Fa
rm

ác
ia

, L
ab

or
at

ór
io

 d
e 

Si
st

em
as

 D
isp

er
so

s (
LA

SI
D

), 
B

ra
zi

l 
2 U

ni
ve

rs
id

ad
e 

Fe
de

ra
l d

o 
R

io
 G

ra
nd

e 
do

 N
or

te
, D

ep
ar

ta
m

en
to

 d
e 

M
ed

ic
in

a,
 B

ra
zi

l 
3 U

ni
ve

rs
id

ad
e 

Fe
de

ra
l d

o 
R

io
 G

ra
nd

e 
do

 N
or

te
, D

ep
ar

ta
m

en
to

 d
e 

Fí
si

ca
 T

eó
ric

a 
e 

Ex
pe

rim
en

ta
l, 

B
ra

zi
l 

e-
m

ai
l: 

er
ic

al
ira

@
ya

ho
o.

co
m

.b
r 

M
ag

ne
tic

 s
ys

te
m

s 
w

ith
 m

ag
ne

tit
e 

pa
rti

cl
es

 h
av

e 
be

en
 p

ro
po

se
d 

fo
r o

ra
l u

se
 a

s 
m

ag
ne

tic
 

re
so

na
nc

e 
co

nt
ra

st
 

ag
en

ts
 

an
d 

m
ag

ne
tic

 
m

ar
ke

rs
 

fo
r 

m
on

ito
rin

g 
ga

st
ro

in
te

st
in

al
 

m
ot

ili
ty

. A
s 

m
ag

ne
tit

e 
is

 s
ol

ub
le

 i
n 

ac
id

, p
ar

tic
le

s 
m

ay
 u

nd
er

go
 d

is
so

lu
tio

n 
at

 g
as

tri
c 

pH
. 

R
eg

ar
di

ng
 

ph
ar

m
ac

eu
tic

al
 

te
ch

no
lo

gy
, 

pr
ot

ec
tin

g 
co

m
po

un
ds

 
fr

om
 

ga
st

ric
 

en
vi

ro
nm

en
t 

is
 a

 k
ey

 i
ss

ue
. 

In
 f

ac
t, 

m
an

y 
ap

pr
oa

ch
es

 h
av

e 
be

en
 p

ro
po

se
d,

 n
am

el
y 

a 
st

ra
te

gy
 th

at
 re

lie
s 

on
 th

e 
re

si
st

an
ce

 o
f s

om
e 

po
ly

sa
cc

ha
rid

es
 to

 th
e 

di
ge

st
iv

e 
ac

tio
n 

of
 

ga
st

ro
in

te
st

in
al

 e
nz

ym
es

. T
he

 m
at

ric
es

 o
f p

ol
ys

ac
ch

ar
id

es
 a

re
 a

ss
um

ed
 to

 re
m

ai
n 

in
ta

ct
 

in
 th

e 
ph

ys
io

lo
gi

ca
l e

nv
iro

nm
en

t o
f 

st
om

ac
h 

an
d 

sm
al

l i
nt

es
tin

e.
 O

nc
e 

th
ey

 r
ea

ch
 th

e 
co

lo
n,

 b
ac

te
ria

l p
ol

ys
ac

ch
ar

id
as

es
 c

om
e 

in
to

 p
la

y,
 a

nd
 d

eg
ra

da
tio

n 
of

 th
e 

m
at

ric
es

 ta
ke

s 
pl

ac
e.

 S
uc

h 
gr

ou
p 

of
 p

ol
ys

ac
ch

ar
id

es
 is

 c
om

pr
is

ed
 o

f a
m

yl
as

e,
 c

hi
to

sa
n,

 p
ec

tin
, d

ex
tra

n,
 

in
ul

in
, 

ch
on

do
itr

in
, 

xy
la

n,
 e

tc
. 

Th
e 

ai
m

 o
f 

th
is

 w
or

k 
w

as
 t

o 
de

ve
lo

p 
xy

la
n-

co
at

ed
 

m
ag

ne
tic

 m
ic

ro
pa

rti
cl

es
 in

 o
rd

er
 to

 p
ro

te
ct

 m
ag

ne
tit

e 
fr

om
 g

as
tri

c 
di

ss
ol

ut
io

n.
 

Su
ch

 
po

ly
m

er
-b

as
ed

 
m

ag
ne

tic
 

m
ic

ro
pa

rti
cl

es
 

w
er

e 
pr

od
uc

ed
 

by
 

em
ul

si
fic

at
io

n/
cr

os
sl

in
ki

ng
 m

et
ho

d.
 T

he
 s

am
pl

e 
ch

ar
ac

te
riz

at
io

n 
w

as
 p

er
fo

rm
ed

 b
y 

la
se

r s
ca

tte
rin

g 
pa

rti
cl

e 
si

ze
 a

na
ly

si
s, 

sc
an

ni
ng

 e
le

ct
ro

n 
m

ic
ro

sc
op

y,
 th

er
m

og
ra

vi
m

et
ric

 
an

al
ys

is
 a

nd
 v

ib
ra

tin
g 

sa
m

pl
e 

m
ag

ne
to

m
et

ry
. 

C
ha

ra
ct

er
iz

at
io

n 
da

ta
 

sh
ow

ed
 

th
at

 
po

ly
m

er
ic

 
su

pe
rp

ar
am

ag
ne

tic
 

pa
rti

cl
es

 
w

er
e 

su
cc

es
sf

ul
ly

 p
ro

du
ce

d.
 P

ol
ym

er
/m

ag
ne

tit
e 

ra
tio

 w
as

 7
5:

25
. I

n 
vi

tro
 d

is
so

lu
tio

n 
te

st
s 

at
 

ga
st

ric
 p

H
 f

or
 2

h 
w

er
e 

ev
al

ua
te

d 
fo

r 
bo

th
 m

ag
ne

tic
 p

ar
tic

le
s 

(M
P)

 a
nd

 p
ol

ym
er

ic
 

m
ag

ne
tic

 p
ar

tic
le

s 
(P

M
P)

. D
is

so
lu

tio
n 

ra
te

 w
as

 n
ea

rly
 3

0%
 a

nd
 3

%
 f

or
 M

P 
an

d 
PM

P,
 

re
sp

ec
tiv

el
y 

(F
ig

.1
). 

 

In
 c

on
cl

us
io

n,
 t

he
 o

bt
ai

ne
d 

re
su

lts
 h

av
e 

de
m

on
st

ra
te

d 
th

e 
fe

as
ib

ili
ty

 o
f 

th
e 

pr
es

en
te

d 
m

et
ho

d 
to

 c
oa

t, 
an

d 
pr

ot
ec

t m
ag

ne
tit

e 
pa

rti
cl

es
 f

ro
m

 g
as

tri
c 

di
ss

ol
ut

io
n.

Su
ch

 s
ys

te
m

s 
m

ay
 b

e 
ve

ry
 p

ro
m

is
in

g 
fo

r o
ra

l a
dm

in
is

tra
tio

n.
 

Fi
g.

1.
 D

is
so

lu
tio

n 
pr

of
ile

 o
f m

ag
ne

tic
 p

ar
tic

le
s a

nd
 p

ol
ym

er
ic

 m
ag

ne
tic

 p
ar

tic
le

s. 

O
pt

im
iz

ed
 n

an
om

ag
ne

tic
 m

ol
ec

ul
ar

 p
ro

be
s 

(N
M

Ps
) f

or
 M

ag
ne

tic
 P

ar
tic

le
 

Im
ag

in
g

R
. M

at
th

ew
 F

er
gu

so
n1 , K

ev
in

 R
. M

in
ar

d2 , K
an

na
n 

M
. K

ris
hn

an
1

1 U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n 

B
ox

 3
52

12
0 

- S
ea

ttl
e,

 W
A

 9
81

95
-2

12
0;

em
ai

l: 
m

fe
rg

47
@

u.
w

as
hi

ng
to

n.
ed

u
2 P

ac
ifi

c 
N

or
th

w
es

t N
at

io
na

l L
ab

or
at

or
y,

 R
ic

hl
an

d,
 W

A

M
ag

ne
tic

 P
ar

tic
le

 I
m

ag
in

g 
(M

P
I) 

is
 a

n 
at

tra
ct

iv
e 

al
te

rn
at

iv
e 

to
 M

ag
ne

tic
 R

es
on

an
ce

 
Im

ag
in

g 
fo

r 
ap

pl
ic

at
io

ns
 

th
at

 
re

qu
ire

 
hi

gh
ly

 
se

ns
iti

ve
 

de
te

ct
io

n 
of

 
na

no
m

ag
ne

tic
 

m
ol

ec
ul

ar
 p

ro
be

s 
(N

M
P

s)
. 

 
C

om
m

on
 

ex
am

pl
es

 i
n 

re
ce

nt
 l

ite
ra

tu
re

 i
nc

lu
de

 c
an

ce
r 

de
te

ct
io

n,
 h

yp
er

th
er

m
ia

 t
re

at
m

en
t 

an
d 

dr
ug

 d
el

iv
er

y.
  

W
ith

 M
P

I, 
a 

re
ce

nt
ly

 i
nv

en
te

d 
te

ch
ni

qu
e,

 s
up

er
pa

ra
m

ag
ne

tic
 N

M
P

s 
ca

n 
be

 d
ire

ct
ly

 i
m

ag
ed

 w
ith

 e
xc

el
le

nt
 s

en
si

tiv
ity

 
an

d 
it 

is
 p

os
si

bl
e 

to
 g

en
er

at
e 

fu
ll-

bo
dy

 im
ag

es
 in

 h
um

an
s 

an
d 

an
im

al
s.

  
P

ro
m

is
in

g 
in

iti
al

 
re

su
lts

 s
ug

ge
st

 t
ha

t 
M

P
I 

ca
n 

of
fe

r 
im

pr
ov

em
en

ts
 o

ve
r 

M
R

 i
m

ag
in

g 
by

 e
na

bl
in

g 
hi

gh
 

sp
at

ia
l 

re
so

lu
tio

n 
an

d 
ex

tre
m

el
y 

hi
gh

 
se

ns
iti

vi
ty

 
w

ith
 

ra
pi

d 
ac

qu
is

iti
on

, 
pr

ov
id

ed
 

ap
pr

op
ria

te
 m

ol
ec

ul
ar

 p
ro

be
s 

ar
e 

em
pl

oy
ed

.

W
e 

ha
ve

 d
ev

el
op

ed
 a

 c
om

pr
eh

en
si

ve
 m

od
el

 t
o 

an
al

yz
e 

N
M

P
 m

ag
ne

tic
 c

or
es

 a
nd

 
id

en
tif

y 
th

os
e 

be
st

 s
ui

te
d 

fo
r 

M
P

 I
m

ag
in

g.
  

W
e 

us
e 

ou
r 

m
od

el
 t

o 
di

sc
us

s 
w

hy
 M

P
I 

se
ns

iti
vi

ty
 

an
d 

sp
at

ia
l 

re
so

lu
tio

n 
de

pe
nd

 
on

 
N

M
P-

co
re

 
ph

ys
ic

al
 

pr
op

er
tie

s,
 

th
ei

r 
fre

qu
en

cy
-d

ep
en

de
nt

 A
C

 m
ag

ne
tiz

at
io

n,
 a

s 
w

el
l 

as
 t

he
ir 

si
ze

 d
is

tri
bu

tio
n 

in
 a

 g
iv

en
 

sa
m

pl
e.

  
W

e 
al

so
 d

is
cu

ss
 h

ow
 w

e 
m

ea
su

re
 r

el
ev

an
t 

N
M

P
 p

ro
pe

rti
es

 i
n 

ou
r 

la
b.

  
W

e 
sh

ow
 t

ha
t 

m
on

od
is

pe
rs

e 
m

ag
ne

tit
e 

N
M

P
 c

or
es

, 
su

ch
 a

s 
th

os
e 

sy
nt

he
si

ze
d 

in
 o

ur
 

la
bo

ra
to

ry
 

by
 

or
ga

no
m

et
al

lic
 

de
co

m
po

si
tio

n,
1,

2  
of

fe
r 

ex
ce

lle
nt

 
po

te
nt

ia
l 

fo
r 

M
P

I 
pe

rfo
rm

an
ce

 d
ue

 t
o 

th
ei

r 
re

gu
la

r, 
co

nt
ro

lla
bl

e 
si

ze
 a

nd
 n

ar
ro

w
 s

iz
e 

di
st

rib
ut

io
n.

  
In

 
ad

di
tio

n,
 w

e 
sh

ow
 t

ha
t 

M
P

I 
pe

rfo
rm

an
ce

 c
an

 s
ur

pa
ss

 p
re

vi
ou

s 
es

tim
at

es
 if

 a
pp

ro
pr

ia
te

 
N

M
P

 c
or

es
 a

re
 e

m
pl

oy
ed

, a
nd

 p
ic

om
ol

ar
 s

en
si

tiv
ity

 a
nd

 s
ub

-m
ill

im
et

er
 s

pa
tia

l r
es

ol
ut

io
n 

ar
e 

ac
hi

ev
ab

le
.  

Fi
na

lly
, w

e 
pr

es
en

t p
re

lim
in

ar
y 

S
N

R
 re

su
lts

, c
on

si
st

en
t w

ith
 o

ur
 m

od
el

s,
 

fo
r 

va
rio

us
 N

M
P

 c
or

e 
sa

m
pl

es
 m

ea
su

re
d 

w
ith

 a
 te

st
 M

P
I t

ra
ns

ce
iv

er
 c

on
st

ru
ct

ed
 in

 o
ur

 
la

bo
ra

to
ry

.

O
ur

 r
es

ul
ts

 s
up

po
rt 

th
e 

fe
as

ib
ili

ty
 o

f 
M

P
I a

s 
an

 im
ag

in
g 

pl
at

fo
rm

 a
nd

 e
nc

ou
ra

ge
 f

ur
th

er
 

re
se

ar
ch

.

S
N

R
 p

er
 v

ol
um

e 
of

 N
M

P
 fo

r s
ev

er
al

 c
or

e 
si

ze
s

1  M
. 

G
on

za
le

s,
 K

. 
M

. 
Kr

is
hn

an
. 

 S
yn

th
es

is
 o

f 
m

ag
ne

to
lip

os
om

es
 w

ith
 m

on
od

is
pe

rs
e 

iro
n 

ox
id

e 
na

no
cr

ys
ta

l c
or

es
 fo

r h
yp

er
th

er
m

ia
.  

JM
M

M
. v

ol
. 2

93
 p

p.
 2

65
-2

70
, 2

00
5

2  M
. 

G
on

za
le

s,
 K

. 
M

. 
Kr

is
hn

an
. 

Ph
as

e 
tra

ns
fe

r 
of

 h
ig

hl
y 

m
on

od
is

pe
rs

e 
iro

n 
ox

id
e 

na
no

cr
ys

ta
ls

 
w

ith
 p

lu
ro

ni
c 

F1
27

 fo
r b

io
lo

gi
ca

l a
pp

lic
at

io
ns

.  
JM

M
M

. v
ol

. 3
11

 p
p.

 5
9-

62
, 2

00
7

#
8

2
#

8
1



Si
ze

 E
va

lu
at

io
n 

of
 L

ym
ph

 N
od

e 
is

 p
ro

to
co

l D
ep

en
de

nc
e 

in
 M

R
I U

si
ng

 U
ltr

as
m

al
l S

up
er

pa
ra

m
ag

ne
tic

 Ir
on

 
O

xi
de

 N
an

op
ar

tic
le

s 

N
. G

ha
re

ha
gh

aj
i 1 , M

.A
. O

gh
ab

ia
n 1

, 2
 *
, S

. S
ar

ka
r1,

 2
, R

. F
ar

id
i M

aj
id

i 2 , H
. 

G
ha

na
at

i, 
A

. B
ei

to
lla

hi
 

1
D

ep
ar

tm
en

t o
f M

ed
ic

al
 P

hy
si

cs
 &

 B
io

m
ed

ic
al

 E
ng

in
ee

rin
g,

 M
ed

ic
al

 S
ci

en
ce

s/
 T

eh
ra

n 
U

ni
ve

rs
ity

, T
eh

ra
n,

 Ir
an

 
2

R
es

ea
rc

h 
C

en
te

r f
or

 S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

in
 M

ed
ic

in
e,

 E
m

am
 H

os
pi

ta
l, 

Te
hr

an
, I

ra
n 

* E-
M

ai
l: 

O
gh

ab
ia

n@
si

na
.tu

m
s.a

c.
ir 

   
  U

ltr
as

m
al

l 
su

pe
rp

ar
am

ag
ne

tic
 i

ro
n 

ox
id

e 
(U

SP
IO

) 
na

no
pa

rti
cl

es
 h

av
e 

a 
gr

ea
t 

po
te

nt
ia

l 
to

 
de

te
ct

 
ly

m
ph

 
no

de
s 

an
d 

th
ei

r 
m

et
as

ta
se

s. 
Th

es
e 

na
no

pa
rti

cl
es

 a
re

 u
pt

ak
en

 b
y 

m
ac

ro
ph

ag
es

 i
n 

no
rm

al
 l

ym
ph

 n
od

es
 a

nd
 

pr
od

uc
e 

su
sc

ep
tib

ili
ty

 a
rti

fa
ct

. N
o 

na
no

pa
rti

cl
es

 u
pt

ak
e 

is
 s

ee
n 

in
 m

et
as

ta
tic

 
no

de
s 

bu
t t

he
se

 re
gi

on
s 

m
ay

 b
e 

m
is

se
d 

by
 s

us
ce

pt
ib

ili
ty

 a
rti

fa
ct

, o
bt

ai
ne

d 
in

 
su

rr
ou

nd
in

g 
ar

ea
. T

he
 s

iz
e 

of
 s

us
ce

pt
ib

ili
ty

 a
rti

fa
ct

 d
ep

en
ds

 o
n 

th
e 

ty
pe

 o
f 

M
R

I 
pr

ot
oc

ol
s 

an
d 

th
ei

r 
im

ag
in

g 
pa

ra
m

et
er

s. 
A

cc
or

di
ng

ly
, 

th
e 

st
ud

y 
of

 
pr

ot
oc

ol
’s

 e
ff

ec
ts

 o
n 

ar
tif

ac
t s

iz
e 

an
d 

pr
ob

le
m

s f
or

 d
et

ec
tio

n 
of

 ly
m

ph
 n

od
es

 
 a

re
 e

ss
en

tia
l. 

 

   
  I

n 
th

is
 s

tu
dy

, U
SP

IO
 n

an
op

ar
tic

le
s 

w
er

e 
us

ed
 a

s 
M

R
I c

on
tra

st
 a

ge
nt

 a
nd

 
th

ei
r 

pr
od

uc
ed

 s
us

ce
pt

ib
ili

ty
 a

rti
fa

ct
 s

iz
e 

in
 a

xi
lla

ry
 l

ym
ph

 n
od

es
 w

er
e 

m
ea

su
re

d 
w

ith
 v

ar
io

us
 M

R
I p

ro
to

co
ls

. F
or

 th
is

 p
ur

po
se

 in
 v

iv
o 

st
ud

ie
s 

w
er

e 
pe

rf
or

m
ed

 i
n 

ra
ts

 u
si

ng
 s

ub
cu

ta
ne

ou
sl

y 
in

je
ct

io
n 

of
 2

0 
nm

 d
ex

tra
n 

co
at

ed
 

iro
n 

ox
id

e 
na

no
pa

rti
cl

es
. M

R
I 

T1
 a

nd
 T

2 
w

ei
gh

te
d 

im
ag

es
 w

er
e 

ob
ta

in
ed

 
w

ith
 a

 1
.5

 T
 M

R
I s

ys
te

m
 b

ef
or

e 
an

d 
6 

hr
s 

af
te

r n
an

op
ar

tic
le

s 
in

je
ct

io
n 

us
in

g 
Sp

in
 E

ch
o 

(S
E)

 a
nd

 G
ra

di
en

t E
ch

o 
(G

R
E)

 p
ul

se
 se

qu
en

ce
s. 

Th
e 

ax
ill

ar
y 

ly
m

ph
 n

od
es

 a
rti

fa
ct

 s
iz

es
 p

ro
du

ce
d 

by
 t

he
se

 p
ro

to
co

ls
 w

er
e 

de
te

rm
in

ed
 a

pp
ly

in
g 

re
gi

st
ra

tio
n 

an
d 

su
bt

ra
ct

io
n 

m
et

ho
ds

. 
C

om
pa

rin
g 

th
e 

an
at

om
ic

al
 d

el
in

ea
tio

n 
ob

ta
in

ed
 b

y 
SE

 m
et

ho
ds

 w
ith

 th
e 

ar
tif

ac
t s

iz
es

 fo
un

d 
in

 G
R

E 
pu

ls
e 

se
qu

en
ce

s, 
th

e 
si

ze
 d

iff
er

en
ce

s 
an

d 
va

rio
us

 p
hy

si
ca

l 
an

d 
ph

ys
io

lo
gi

ca
l 

pa
ra

m
et

er
s 

ef
fe

ct
in

g 
su

sc
ep

tib
ili

ty
 a

rti
fa

ct
 e

xt
en

si
on

 i
n 

G
R

E 
pu

ls
e 

se
qu

en
ce

s 
w

as
 d

et
er

m
in

ed
. 

Th
e 

pa
ra

m
et

er
 s

et
tin

g 
an

d 
fu

nd
am

en
ta

l 
co

ns
id

er
at

io
ns

 fo
r a

n 
op

tim
um

 im
ag

in
g 

m
et

ho
d 

is
 re

co
m

m
en

de
d.

 

Fi
gu

re
 1

. M
ag

ne
tic

 s
ep

ar
at

io
n 

of
 o

ur
 n

ov
el

 c
ar

ri
er

 u
nd

er
 

UV
 ir

ra
di

at
io

n.
 

(a
) B

ef
or

e 
se

pa
ra

tio
n.

 (b
) S

ep
ar

at
ed

 b
y 

a 
m

ag
ne

t a
fte

r a
 m

in
ut

e 
fr

om
 

le
ft 

si
de

.(a
) 

(b
) 

M
ag

ne
t

N
ov

el
 m

ag
ne

tic
 c

ar
ri

er
 e

nc
ap

su
la

tin
g 

a 
flu

or
es

ce
nt

 su
bs

ta
nc

e 
an

d 
fe

rr
ite

 
na

no
pa

rt
ic

le
s i

n 
th

e 
fu

nc
tio

na
l p

ol
ym

er
s f

or
 b

io
m

ol
ec

ul
ar

 r
ec

og
ni

tio
n 

an
d 

im
ag

in
g 

M
am

or
u 

H
at

ak
ey

am
a1#

, Y
us

uk
e 

M
oc

hi
zu

ki
2#

, Y
os

hi
no

ri
 K

ita
2 , H

ir
os

hi
 K

is
hi

2 , K
os

ic
e 

N
is

hi
o2 ,

Sa
to

sh
i S

ak
am

ot
o2 , M

as
an

or
i A

be
 1

, 3
 a

nd
 H

ir
os

hi
 H

an
da

1,
 2
*

1 In
te

gr
at

ed
 R

es
ea

rc
h 

In
st

itu
te

, T
ok

yo
 In

st
itu

te
 o

f T
ec

hn
ol

og
y,

 Y
ok

oh
am

a,
 J

ap
an

.
2 G

ra
du

at
e 

Sc
ho

ol
 o

f B
io

sc
ie

nc
e 

an
d 

Bi
ot

ec
hn

ol
og

y,
 T

ok
yo

 In
st

itu
te

 o
f T

ec
hn

ol
og

y,
 Y

ok
oh

am
a,

 J
ap

an
. 

 
3 G

ra
du

at
e 

Sc
ho

ol
 o

f S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y,

 T
ok

yo
 In

st
itu

te
 o

f T
ec

hn
ol

og
y,

 T
ok

yo
, J

ap
an

. 
*E

-m
ai

l a
dd

re
ss

:h
ha

nd
a@

bi
o.

tit
ec

h.
ac

.jp
# T

he
se

 a
ut

ho
rs

 c
on

tr
ib

ut
ed

 e
qu

al
ly

 to
 th

is
 w

or
k.

W
e 

ha
ve

 d
ev

el
op

ed
 a

 m
ag

ne
tic

 a
ff

in
ity

 c
ar

rie
r w

hi
ch

 in
cl

ud
es

 th
e 

fe
rr

ite
 n

an
op

ar
tic

le
s 

in
 th

e 
co

re
 a

nd
 a

re
 c

ov
er

ed
 w

ith
 p

ol
y-

(s
ty

re
ne

-c
o-

gl
yc

id
yl

 m
et

ha
cr

yl
at

e)
1)

. T
he

 d
ia

m
et

er
 

of
 th

e 
ca

rr
ie

r w
as

 a
bo

ut
 2

00
 n

m
, a

nd
 w

as
 sm

al
le

r t
ha

n 
th

at
 o

f c
om

m
er

ci
al

 m
ag

ne
tic

 
af

fin
ity

 c
ar

rie
rs

. F
ur

th
er

m
or

e 
it 

is
 p

os
si

bl
e 

to
 se

pa
ra

te
 a

nd
 p

ur
ify

 a
 sl

ig
ht

 a
m

ou
nt

 o
f 

ta
rg

et
 m

at
er

ia
ls

 e
ff

ic
ie

nt
ly

 b
ec

au
se

 o
ur

 m
ag

ne
tic

 a
ff

in
ity

 c
ar

rie
r h

as
 th

e 
su

pe
rio

r 
ch

ar
ac

te
ris

tic
 fe

at
ur

e 
th

at
 th

e 
su

rf
ac

e 
of

 th
e 

ca
rr

ie
r, 

co
ve

re
d 

w
ith

 th
e 

fu
nc

tio
na

l 
po

ly
m

er
s, 

ex
hi

bi
ts

 m
in

im
al

 n
on

-s
pe

ci
fic

 a
ds

or
pt

io
n 

of
 p

ro
te

in
s. 

Th
er

ef
or

e,
 th

e 
ca

rr
ie

r i
s 

ex
pe

ct
ed

 to
 a

pp
ly

 fo
r f

lu
or

es
ce

nt
ly

- l
ab

el
ed

 c
ar

rie
rs

 w
hi

ch
 v

is
ua

liz
e 

a 
sl

ig
ht

 a
m

ou
nt

 o
f 

ta
rg

et
 m

ol
ec

ul
es

 a
nd

 a
re

 c
ol

le
ct

ed
 m

ag
ne

tic
al

ly
. 

 I
n 

th
is

 st
ud

y,
 w

e 
pr

ep
ar

ed
 n

ov
el

 m
ag

ne
tic

 c
ar

rie
r e

nc
ap

su
la

tin
g 

a 
flu

or
es

ce
nt

 su
bs

ta
nc

e 
an

d 
fe

rr
ite

 n
an

op
ar

tic
le

s i
n 

th
e 

fu
nc

tio
na

l p
ol

ym
er

s f
or

 b
io

m
ol

ec
ul

ar
 re

co
gn

iti
on

 a
nd

 
im

ag
in

g.
 W

e 
se

le
ct

ed
 e

ur
op

iu
m

 ir
on

 (E
u3+

) c
om

pl
ex

 fo
r a

 fl
uo

re
sc

en
t s

ub
st

an
ce

 w
hi

ch
 

ha
ve

 m
ax

im
al

 e
xc

ita
tio

n 
w

av
el

en
gt

h 
at

 u
ltr

av
io

le
t r

eg
io

n 
an

d 
m

ax
im

al
 fl

uo
re

sc
en

ce
 

w
av

el
en

gt
h 

at
 6

15
 n

m
, b

ec
au

se
 o

ur
 c

ar
rie

r h
ad

 a
bs

or
ba

nc
e 

re
gi

on
 a

t 4
00

 - 
60

0 
nm

 o
f 

w
av

el
en

gt
h 

de
riv

ed
 fr

om
 fe

rr
ite

 n
an

op
ar

tic
le

s a
nd

 a
bs

or
ba

nc
e 

re
gi

on
 o

f t
he

 c
ar

rie
r d

id
 

no
t c

ro
ss

ov
er

 e
xc

ita
tio

n 
an

d 
flu

or
es

ce
nt

 re
gi

on
s o

f E
u3+

-c
om

pl
ex

. W
e 

su
cc

ee
de

d 
in

 
en

ca
ps

ul
at

in
g 

Eu
3+

-c
om

pl
ex

 in
to

 o
ur

 m
ag

ne
tic

 a
ffi

ni
ty

 c
ar

rie
r b

y 
ut

ili
zi

ng
 re

ve
rs

ib
le

 
sw

el
lin

g 
pr

op
er

ty
 o

f t
he

 c
ar

rie
r i

n 
or

ga
ni

c 
so

lv
en

t. 
Eu

3+
-c

om
pl

ex
 e

nc
ap

su
la

te
d 

in
 th

e 
ca

rr
ie

r d
id

 n
ot

 le
ak

 fr
om

 w
ith

in
 a

nd
 o

bt
ai

ne
d 

flu
or

es
ce

nt
 m

ag
ne

tic
 c

ar
rie

r m
ai

nt
ai

ne
d 

th
e 

hi
gh

 d
is

pe
rs

ib
ili

ty
 in

 a
qu

eo
us

 so
lu

tio
n 

as
 sh

ow
n 

in
 F

ig
ur

e 
1.

 F
in

al
ly

, w
e 

al
so

 
su

cc
ee

de
d 

in
 v

is
ua

liz
in

g 
th

is
 fl

uo
re

sc
en

t m
ag

ne
tic

 c
ar

rie
r o

n 
ba

sa
l p

la
te

. 

1)
K

. N
is

hi
o 

et
 a

l, 
C

ol
lo

id
s a

nd
 S

ur
fa

ce
s B

: B
io

in
te

rf
ac

es
, i

n 
pr

es
s. 

#
8

4
#

8
3



H
er

2-
C

on
ju

ga
te

d
M

ag
ne

tic
N

an
op

ar
tic

le
s

fo
r

D
et

ec
tio

n
of

B
re

as
tC

an
ce

r
by

Su
pe

rc
on

du
ct

in
g

Q
ua

nt
um

In
te

rf
er

en
ce

D
ev

ic
e

(S
Q

U
ID

)

H
el

en
J.

H
at

ha
w

ay
1*

,J
as

on
E

.J
ae

ta
o2 ,D

eb
bi

e
M

.L
ov

at
o2 ,N

at
al

ie
L.

A
do

lp
hi

3 ,T
ra

ce
Te

ss
ie

r3 ,D
an

ie
lle

Fe
ag

an
3 ,D

al
e

H
ub

er
4 ,C

hr
is

tia
n

B
er

ge
m

an
n5 ,E

dw
ar

d
R

.F
ly

nn
3 ,a

nd
R

ic
ha

rd
S

.L
ar

so
n2

1 D
ep

ar
tm

en
to

fC
el

lB
io

lo
gy

&
P

hy
si

ol
og

y,
2 D

ep
ar

tm
en

to
fP

at
ho

lo
gy

,U
ni

ve
rs

ity
of

N
ew

M
ex

ic
o

S
ch

oo
l

of
M

ed
ic

in
e

an
d

C
an

ce
rR

es
ea

rc
h

&
Tr

ea
tm

en
tC

en
te

r,
A

lb
uq

ue
rq

ue
,N

M
87

13
1,

3 S
en

io
rS

ci
en

tif
ic

,L
LC

,
A

lb
uq

ue
rq

ue
,N

M
87

11
1,

S
an

di
a

N
at

io
na

lL
ab

or
at

or
y,

C
IN

T,
A

lb
uq

ue
rq

ue
,N

M
87

18
5,

5 C
he

m
ic

el
l

G
m

bH
,B

er
lin

,G
er

m
an

y,
* e-

M
ai

l:
hh

at
ha

w
ay

@
sa

lu
d.

un
m

.e
du

A
m

aj
or

go
al

in
em

er
gi

ng
te

ch
no

lo
gy

to
en

ha
nc

e
de

te
ct

io
n

of
ca

nc
er

is
th

e
de

ve
lo

pm
en

to
fm

et
ho

ds
to

id
en

tif
y

tu
m

or
s

in
th

e
ea

rli
es

ts
ta

ge
s

of
di

se
as

e.
Fo

rb
re

as
tc

an
ce

r,
th

e
cu

rr
en

tm
et

ho
d

of
ch

oi
ce

fo
r

sc
re

en
in

g
an

d
de

te
ct

io
n

is
m

am
m

og
ra

ph
y.

W
hi

le
m

am
m

og
ra

ph
y

ha
s

le
d

to
a

si
gn

ifi
ca

nt
im

pr
ov

em
en

ti
n

ou
ra

bi
lit

y
to

de
te

ct
br

ea
st

ca
nc

er
ea

rli
er

,i
ts

til
ls

uf
fe

rs
fro

m
th

e
in

ab
ili

ty
to

di
st

in
gu

is
h

be
tw

ee
n

be
ni

gn
an

d
m

al
ig

na
nt

le
si

on
s,

an
d

m
am

m
og

ra
ph

y
fa

ils
to

de
te

ct
10

-3
0%

of
br

ea
st

ca
nc

er
s.

Th
e

us
e

of
m

ag
ne

tic
na

no
pa

rti
cl

es
co

nj
ug

at
ed

to
tu

m
or

-s
pe

ci
fic

re
ag

en
ts

re
pr

es
en

ts
a

pr
om

is
in

g
ne

w
te

ch
no

lo
gy

th
at

ha
s

th
e

po
te

nt
ia

lt
o

im
pr

ov
e

ou
ra

bi
lit

y
to

de
te

ct
tu

m
or

s
ea

rli
er

.F
ur

th
er

m
or

e,
de

te
ct

io
n

of
ta

rg
et

ed
m

ag
ne

tic
na

no
pa

rti
cl

es
us

in
g

S
Q

U
ID

im
ag

in
g

is
fa

st
,a

nd
is

th
eo

re
tic

al
ly

m
or

e
se

ns
iti

ve
th

an
M

R
Id

et
ec

tio
n,

be
ca

us
e

on
ly

pa
rti

cl
es

bo
un

d
(to

th
ei

rt
ar

ge
tc

el
ls

)w
ou

ld
be

de
te

ct
ed

.O
ur

gr
ou

p
is

de
ve

lo
pi

ng
co

nj
ug

at
ed

m
ag

ne
tic

na
no

pa
rti

cl
es

ta
rg

et
ed

to
br

ea
st

ca
nc

er
ce

lls
th

at
ex

pr
es

s
th

e
H

er
2

an
tig

en
,w

hi
ch

is
am

pl
ifi

ed
/o

ve
re

xp
re

ss
ed

on
~

30
%

of
hu

m
an

br
ea

st
ca

nc
er

s.

W
e

qu
an

tif
ie

d
H

er
2

an
tig

en
bi

nd
in

g
si

te
s

on
se

ve
ra

lh
um

an
br

ea
st

ca
nc

er
ce

ll
lin

es
us

in
g

a
flu

or
es

ce
nt

-
co

nj
ug

at
ed

H
er

2
m

on
oc

lo
na

la
nt

ib
od

y
in

a
flo

w
cy

to
m

et
ry

as
sa

y.
N

ex
t,

H
er

2
an

tib
od

y
w

as
co

nj
ug

at
ed

to
S

iM
A

G
-T

C
L

su
pe

rp
ar

am
ag

ne
tic

iro
n

ox
id

e
na

no
pa

rti
cl

es
(S

P
IO

N
s;

C
he

m
ic

el
l,

G
er

m
an

y)
,a

nd
la

be
le

d
S

P
IO

N
s

w
er

e
in

cu
ba

te
d

w
ith

br
ea

st
ca

nc
er

ce
ll

lin
es

w
ith

hi
gh

(M
C

F7
/H

er
2-

18
)o

rl
ow

(M
D

A
-M

B
-2

31
)

le
ve

ls
of

H
er

2
ex

pr
es

si
on

.L
ab

el
ed

ce
lls

w
er

e
an

al
yz

ed
by

m
ic

ro
sc

op
y

af
te

rP
ru

ss
ia

n
bl

ue
st

ai
ni

ng
fo

r
iro

n,
an

d
by

S
Q

U
ID

m
ag

ne
to

m
et

ry
.M

ic
ro

sc
op

y
an

d
S

Q
U

ID
m

ea
su

re
m

en
ts

in
di

ca
te

d
an

an
tig

en
co

nc
en

tra
tio

n-
de

pe
nd

en
ti

nc
re

as
e

in
th

e
nu

m
be

ro
fn

an
op

ar
tic

le
s

bo
un

d
to

ce
lls

.F
in

al
ly

,w
e

in
oc

ul
at

ed
br

ea
st

ca
nc

er
ce

lls
su

bc
ut

an
eo

us
ly

in
to

nu
de

m
ic

e,
an

d
in

je
ct

ed
H

er
2

an
tib

od
y-

co
nj

ug
at

ed
S

P
IO

N
s

in
to

th
e

tu
m

or
s.

O
ne

ho
ur

la
te

r,
m

ic
e

w
er

e
im

ag
ed

in
vi

vo
by

S
Q

U
ID

m
ag

ne
to

m
et

ry
.A

s
sh

ow
n

in
th

e
fig

ur
e

be
lo

w
,t

he
m

ea
su

re
m

en
ts

in
di

ca
te

th
at

th
e

H
er

2
an

tib
od

y-
la

be
le

d
S

P
IO

N
s

ar
e

re
ta

in
ed

in
th

e
tu

m
or

.
P

ru
ss

ia
n

bl
ue

la
be

lin
g

w
as

de
te

ct
ed

in
tu

m
or

tis
su

e
by

hi
st

ol
og

y.
Th

es
e

re
su

lts
su

gg
es

tt
ha

ta
nt

ib
od

y-
la

be
le

d
S

P
IO

N
s

ha
ve

th
e

po
te

nt
ia

lt
o

la
be

lb
re

as
tt

um
or

ce
lls

in
vi

vo
,a

nd
th

us
sh

ow
pr

om
is

e
as

a
ne

w
to

ol
in

br
ea

st
ca

nc
er

de
te

ct
io

n.
O

ng
oi

ng
ef

fo
rts

ar
e

ai
m

ed
at

qu
an

tit
at

iv
e

an
al

ys
is

of
H

er
2

an
tib

od
y-

co
nj

ug
at

ed
S

P
IO

N
se

ns
iti

vi
ty

,a
nd

th
e

ab
ili

ty
of

H
er

2
an

tib
od

y-
co

nj
ug

at
ed

S
P

IO
N

s
to

“fi
nd

”t
um

or
s

in
vi

vo
,w

he
n

in
je

ct
ed

in
tra

ve
no

us
ly

or
in

tra
pe

rit
on

ea
lly

.

W
e

ac
kn

ow
le

dg
e

th
e

su
pp

or
to

ft
he

N
IH

(R
44

C
A

09
61

54
,t

o
E

R
F)

.T
hi

s
w

or
k

w
as

pe
rfo

rm
ed

,i
n

pa
rt,

at
th

e
C

en
te

rf
or

In
te

gr
at

ed
N

an
ot

ec
hn

ol
og

ie
s,

a
U

.S
.D

ep
ar

tm
en

to
fE

ne
rg

y,
O

ffi
ce

of
B

as
ic

E
ne

rg
y

S
ci

en
ce

s
us

er
fa

ci
lit

y
at

Lo
s

A
la

m
os

N
at

io
na

lL
ab

or
at

or
y

(C
on

tra
ct

D
E

-A
C

52
-0

6N
A

25
39

6)
an

d
S

an
di

a
N

at
io

na
lL

ab
or

at
or

ie
s

(C
on

tra
ct

D
E

-A
C

04
-9

4A
L8

50
00

).

-2
08
.7
06
3

-1
64
.73

- 1
6 4
. 7
3 0
9

- 1 4

-1
42
.7
43
2

- 1
4 2
. 7
4 3
2

- 1 2 0
. 7 5 5
6

- 1 2 0 . 7 5 5 6

-1
20
.7
55
6

- 1
2 0
. 7
5 5
6

- 9 8
. 7 6
7 8 6 -98.7678
6

-9
8.
76
78
6

- 9
8 .
7 6
7 8
6

- 7
6 . 7
8 0
1 7 -76.7801
7

-7
6.
78
01
7

- 7
6 .
7 8
0 1
7

- 5
4 .
7 9
2 4
8

- 5 4 . 7 9 2 4
8

-5
4.
79
24
8

- 5
4 .
7 9
2 4
8

- 5 4
. 7 9
2 4 8

-3
2.
80
47
9

-3
2.
80
47
9

- 3
2 .
8 0
4 7
9

-32.
8047
9

-3
2.
80
47
9

- 3
2 .
8 0
4 7
9

- 3 2 . 8 0 4 7
9

-1
0.
81
71
1

-1
0.
81
71
1

- 1
0 .
8 1
7 1
1

- 1 0
. 8 1
7 1 1

-1
0.
81
71
1

- 1
0 .
8 1
7 1
1

- 1
0 . 8
1 7
1 1

11
.1
70
58

11
.1
70
58

1 1
. 1
7 0
5 8

11.17058

11
.1
70
58

1 1
. 1
7 0
5 8

1 1
. 1 7
0 5
8

33
.1
58
27

33
.1
58
27

3 3
. 1
5 8
2 7

33
.1
58
27

33
.1
58
27

3 3
. 1
5 8
2 7

3 3 . 1
5 8 2 7

55
.1
45
96

55
.1
45
96

5 5
. 1
4 5
9 6

55.1
4596

55
.1
45
96

5 5
. 1
4 5
9 6

5 5
. 1 4
5 9
6

77
.1
33
65

77
.1
33
65

7 7
. 1
3 3
6 5 77
.13
36
5

77
.1
33
65

7 7
. 1
3 3
6 5

7 7 . 1 3 3 6 5

99
.1
21
34

9 9
. 1
2 1
3 4

99.12134

99
.1
21
34

9 9
. 1
2 1
3 4

9 9 .
1 2 1
3 412
1.
10
9

12
1.
10
9

1 2
1 .
1 0
9

12
1.
10
9

1 2
1 .
1 0
9

1 2 1
. 1 0
914
3.
09
67

1 4
3 .
0 9
6 7

1 4 3 . 0 9 6 7

14
3.
09
67

1 4
3 .
0 9
6 7

1 4 3 . 0 9 6 716
5.
08
44

16
5.
08
44

1 6
5 . 0
8 4
4

16
5.
08
44

1 6
5 .
0 8
4 4

18
7.
07
21

1 8
7 .
0 7
2 1

18
7.0
72
1

18
7.
07
21

1 8
7 .
0 7
2 1

20
9.
05
98

2 0
9 .
0 5
9 8

2 0 9 . 0 5 9 8

20
9.
05
98

2 0
9 .
0 5
9 8

23
1.
04
75

23
1.
04
75

2 3 1
. 0 4
7 523

1.
04
75

2 3
1 .
0 4
7 5 253
.03
52

25
3.
03
52

2 5
3 . 0
3 5
2

25
3.
03
52

2 5
3 .
0 3
5 2 275
.02
29

27
5.
02
29

2 7 5 .
0 2 2 9

27
5.
02
29

2 7
5 .
0 2
2 9

29
7.
01
05

2 9
7 .
0 1
0 5

297.0105

29
7.
01
05

318.
9982

31
8.
99
82

3 1 8 . 9 9 8 2

31
8.
99
82

34
0.
98
59

3 4
0 .
9 8
5 9

34
0.
98
59

3 4
0 .
9 8
5 9

362
.97
36

36
2.
97
36

36
2.9
73
6

3 6
2 .
9 7
3 6

38
4.
96
13

3 8
4 .
9 6
1 3

38
4.
96
13

3 8
4 .
9 6
1 3

406.
949

40
6.
94
9

40
6.
94
9

4 0
6 .
9 4
9

42
8.
93
67

4 2
8 .
9 3
6 7

42
8.
93
67

45
0.
92
44

4 5
0 .
9 2
4 4

45
0.
92
44

47
2.
91
21

4 7
2 .
9 1
2 147
2.
91
21

49
4.
89
97

494.8997
4 9
4 .
8 9
9 7

51
6.
88
74

516.8874
5 1
6 .
8 8
7 4

53
8.
87
51

5 3
8 .
8 7
5 1

5 3
8 .
8 7
5 1

56
0.
86
28

56
0.
86
28

58
2.
85
05

58
2.
85
05 60
4.
83
82

60
4.
83
82

62
6.
82
59

62
6.
82
59

64
8.
81
36

64
8.
81
36

67
0.
80
13

6 9
2 .
7 8
9

71
4.
77
66

7 3
6 .
7 6
4 3

758.752

D
et

ec
tio

n
an

d
lo

ca
liz

at
io

n
of

SP
IO

N
s

in
vi

vo
by

SQ
U

ID
m

ag
ne

to
m

et
ry

.
A

nu
de

m
ou

se
be

ar
in

g
a

hu
m

an
M

C
F7

/H
er

2-
18

xe
no

gr
af

tt
um

or
w

as
im

ag
ed

1
ho

ur
af

te
ri

nt
ra

tu
m

or
al

in
je

ct
io

n
w

ith
H

er
2

an
tib

od
y-

co
nj

ug
at

ed
S

P
IO

N
s.

Th
e

co
nt

ou
rs

de
pi

ct
th

e
st

re
ng

th
of

th
e

S
Q

U
ID

-d
et

ec
te

d
m

ag
ne

tic
fie

ld
s

(in
pi

co
Te

sl
a)

as
a

fu
nc

tio
n

of
po

si
tio

n
in

a
ho

riz
on

ta
lp

la
ne

(x
an

d
y

ax
es

ar
e

in
ce

nt
im

et
er

s)
.

Th
e

co
nt

ou
rs

in
di

ca
te

th
at

th
e

H
er

2
an

tib
od

y-
co

nj
ug

at
ed

S
P

IO
N

s
ar

e
re

ta
in

ed
in

th
e

tu
m

or
,w

hi
ch

w
as

ce
nt

er
ed

un
de

rt
he

se
ns

or
sy

st
em

.

Sy
nt

he
si

s a
nd

 C
ha

ra
ct

er
iz

at
io

n 
of

 M
ag

ne
tit

e 
N

an
op

ar
tic

le
s 

St
ab

ili
ze

d 
V

ia
 A

m
ph

ip
hi

lic
 D

ib
lo

ck
 C

op
ol

ym
er

s f
or

 U
se

 in
 M

R
 

Im
ag

in
g

P.
 P

. H
uf

fst
et

le
r* , W

. C
. M

ile
s* , M

. R
. J

. C
ar

ro
ll�

, J
. D

. G
of

f* , C
. M

. R
ei

nh
ol

z* , R
. C

. 
W

oo
dw

ar
d�

, T
. G

. S
t. 

Pi
er

re
�

, R
. M

. D
av

is* , J
. S

. R
iff

le
*

M
ac

ro
m

ol
ec

ul
es

 a
nd

 In
te

rf
ac

es
 In

st
itu

te
* , V

irg
in

ia
 T

ec
h,

 B
la

ck
sb

ur
g,

 V
A

  2
40

61
 a

nd
 S

ch
oo

l 
of

 P
hy

si
cs

�
, T

he
 U

ni
ve

rs
ity

 o
f W

es
te

rn
 A

us
tra

lia
, C

ra
w

le
y,

 W
es

te
rn

 A
us

tra
lia

 6
00

9

A
bs

tr
ac

t

M
ag

ne
tic

 r
es

on
an

ce
 i

m
ag

in
g 

(M
R

I)
 h

as
 b

ee
n 

on
e 

of
 t

he
 m

os
t n

on
-in

va
si

ve
 i

m
ag

in
g 

to
ol

s 
us

ed
 in

 th
e 

de
te

ct
io

n 
of

 v
ar

io
us

 d
is

ea
se

d 
tis

su
es

.1,
2   T

he
 e

nh
an

ce
m

en
t o

f c
on

tra
st

 in
 th

is
 

im
ag

in
g 

te
ch

ni
qu

e 
co

m
es

 f
ro

m
 th

e 
us

e 
of

 c
on

tra
st

 a
ge

nt
s. 

Th
e 

m
os

t c
om

m
on

 c
on

tra
st

 a
ge

nt
s 

ar
e 

ga
do

lin
iu

m
-b

as
ed

 c
he

la
te

s1 , 
bu

t 
th

er
e 

is
 s

ig
ni

fic
an

t 
in

te
re

st
 i

n 
th

e 
de

ve
lo

pm
en

t 
of

 i
ro

n 
ox

id
e 

na
no

pa
rti

cl
es

 
du

e 
to

 
th

ei
r 

ca
pa

ci
ty

 
to

 
ge

ne
ra

te
 

la
rg

er
 

co
nt

ra
st

 
en

ha
nc

em
en

t.1,
3

Su
pe

rp
ar

am
ag

ne
tic

 
m

ag
ne

tit
e-

ba
se

d 
co

nt
ra

st
 

ag
en

ts
 

ar
e 

al
re

ad
y 

us
ed

 
fo

r 
a 

va
rie

ty
 

of
 

ap
pl

ic
at

io
ns

, p
ar

tic
ul

ar
ly

 f
or

 im
ag

e 
en

ha
nc

em
en

t 
of

 th
e 

liv
er

, s
pl

ee
n 

an
d 

ly
m

ph
at

ic
 s

ys
te

m
.

H
ow

ev
er

, 
th

er
e 

is
 i

nc
re

as
ed

 i
nt

er
es

t 
in

 d
ev

el
op

in
g 

ce
ll 

sp
ec

ifi
c 

co
nt

ra
st

 a
ge

nt
s 

fo
r 

ea
rly

 
di

ag
no

si
s 

an
d 

de
te

ct
io

n 
of

 d
is

ea
se

 f
or

 v
ar

io
us

 f
or

m
s 

of
 c

an
ce

r.2,
3  T

he
 b

as
is

 f
or

 c
on

tra
st

 
en

ha
nc

em
en

t i
s 

th
e 

hi
gh

 m
ag

ne
tic

 s
us

ce
pt

ib
ili

ty
 o

f 
iro

n 
ox

id
e 

na
no

pa
rti

cl
es

. L
oc

al
iz

ed
 f

ie
ld

 
gr

ad
ie

nt
s 

ge
ne

ra
te

d 
by

 t
he

se
 p

ar
tic

le
s 

in
 a

pp
lie

d 
m

ag
ne

tic
 f

ie
ld

s 
re

su
lt 

in
 r

ap
id

 l
oc

al
 d

e-
ph

as
in

g 
of

 th
e 

pr
ot

on
 sp

in
s, 

th
us

 in
cr

ea
si

ng
 tr

an
sv

er
se

 re
la

xi
vi

tie
s (

R 2
). 

 
In

 th
is

 s
tu

dy
, m

ag
ne

tit
e 

na
no

pa
rti

cl
es

 w
er

e 
sy

nt
he

si
ze

d 
an

d 
st

ab
ili

ze
d 

w
ith

 a
 s

er
ie

s 
of

 
am

ph
ip

hi
lic

 P
PO

-b
-P

EO
 a

m
ph

ip
hi

lic
 c

op
ol

ym
er

s 
w

ith
 s

ys
te

m
at

ic
al

ly
 v

ar
ie

d 
co

m
po

si
tio

ns
. 

Th
e 

co
m

pl
ex

es
 c

on
si

st
 o

f a
 m

ag
ne

tit
e 

co
re

 su
rr

ou
nd

ed
 b

y 
a 

hy
dr

op
ho

bi
c 

PP
O

 se
gm

en
t a

nd
 a

n 
ou

te
r 

hy
dr

op
hi

lic
 P

EO
 b

ru
sh

. T
he

 s
iz

e 
an

d 
ag

gr
eg

at
io

n 
ch

ar
ac

te
ris

tic
s 

of
 t

he
 c

om
pl

ex
es

 i
n 

w
at

er
 w

er
e 

m
ea

su
re

d 
vi

a 
D

LS
 a

nd
 c

om
pa

re
d 

to
 c

ol
lo

id
al

 p
re

di
ct

io
ns

 in
 th

e 
ab

se
nc

e 
of

 a
 fi

el
d.

 
Th

e 
tra

ns
ve

rs
e 

re
la

xa
tio

ns
 o

f 
th

es
e 

na
no

pa
rti

cl
e 

sy
st

em
s 

as
 w

el
l 

as
 c

om
m

er
ci

al
ly

 a
va

ila
bl

e 
m

at
er

ia
ls

 w
er

e 
pr

ob
ed

 i
n 

lig
ht

 o
f 

th
e 

ch
em

ic
al

 a
nd

 c
ol

lo
id

al
 p

ro
pe

rti
es

. 
 T

he
 r

es
ul

tin
g 

m
ag

ne
tic

 n
an

op
ar

tic
le

s 
w

er
e 

sh
ow

n 
to

 h
av

e 
m

uc
h 

hi
gh

er
 t

ra
ns

ve
rs

e 
re

la
xa

tio
ns

, 
2.

7 
tim

es
 

gr
ea

te
r, 

th
an

 th
os

e 
of

 c
om

m
er

ci
al

 m
at

er
ia

ls
. 

[1
]  

Sh
el

la
te

, F
.G

., 
K

ar
d,

 E
., 

J.
 M

ag
n.

 R
es

on
. I

m
ag

.1
99

9,
10

, 4
77

.
[2

]  
B

ul
te

, I
.W

.M
.,K

ra
itc

hm
an

, D
.L

., 
 N

M
R 

in
 B

io
m

ed
ic

in
e.

20
04

,1
7,

 4
84

.
[3

]  
Se

m
el

ka
, R

.C
,, 

H
el

m
be

rg
er

, T
.K

.G
., 

Ra
di

ol
og

y.
20

01
,2

18
, 2

7.

#
8

6
#

8
5



�

�
��
��
��
��
	

��
��

�
��
��
��
��
��
��
�
��
��
��

�
��
��
��
��
��
�

�
��
��
��
��

�
��
��
��
��
��
��
��
��
��
��
��
��
��
��
�
��
��
��

�
¥

��
��

�<!
�+

��
��

�

�


&

� ��

��
��

��'
�*

�	
	�

�

  �<�

��
��

%
�


�

| �#

�

��

��
��

�

�¥

��
��


&

�


~ ��
��

��
��

Z
�	

�
_ ��
��

�	
��

��
"

��
	


`

� ��

���
��

¥
��

��
�



� ��
��


\
��

�*
��


� �>
��

�
�

��
��

!�>
��

�
��


� �<�
�

��
�

�!
��

��
��


�
"

��
�


}

| �<�

�
��

��
!�"

��
�



�<

!


� �*
�


��
*

!�"
��

��
\�

��
"

��
�
&


}

`


|

�


~ B
�"


�
��

�

��

�
!�

<




&

@


� B
�

�

�	


�
�

���
��

& �
��

���
��

��
��

��
�
�

} "
��

��
��

��
�
�

��
��

` *
��


�
�

��
��

��
�


��
��

��
��

��
��

��
�	

��
��


��
	


�'
��

�

��

��
��

�
��

�| #
��

�
��

�
�
��

��
�@ ��

��
��

�
�
� ��

��
*

��
��

	�
��
 

��
��

��
��

��
�	

��
&�

��
���

��
���


�*
��

��
��

��
��

��
"

��
��

	�
��

���
��

��
��

�
�
��

��
~ ��

��
�


�
��

�
��

��
�
�

��
��

��
���

��
��

��
��

���
��

�&�
��

���
��


�>
��

��
��

��

�

���
��

��*
��

��
	�

�

��

��
��


�
�



�*
&�

| 
&?

_!
���

�  '
��

�

��

��
���

��#
��

�
��

�
�

��

��
��


��
��

��

�

���

� 

��
�<


��
��

�
�
+�

�~
?&

}@
!��

��_ �
�


��
��

��
��

��
�

'
��

��
��

�

��

��
��

��
��

��
��

��
��

��

�

�

��


	
��

��
� 

��
��

��
��+

��
�


��
�


�

��


	
��

��

�&

+�
�?

|`
_!

�

B�
��


�
��

��
�



�
��

��
��

��
��

��
��

��
��

�\
��

��
��

�!
��

�

��




�

��
��

�!
��

�!
�

�
�

�
<


	
��

��
��

��
��

��
��

��

�

�

��

�	
��

���
��


�
��

��
��

��
��

��
��


��
��

��
��

<
#

��
�&

<
 

��
��

�

��

��
��

��
��

\�
��

��
��

��
�


��
��


�\
��

�
��

�
�
�

��
�

��
��

��
�

��
��

�
�
��

�
��


�
��

��
��

��
��

�
�


��
�

��
��

��
��

��

�

��
��

��
�
�

��
��

�!
��<

#
��

�&
<
 

���
�


��
�
�

��
��




��

��

��

��

	

��
��

��
��

��
���

��
��

��
�


�
��

��
	�

��
��

��
�

��
��

�
��

��
��

��
�


��
�


��
�

��
���

��
��

���
��

�>
�

*
�

�
��

��
�


��
��

��
��

��
��

��
��

��
��

�
��

��
��

��
��

��
��

!��
>�

��
��

��

�

���
��

�
�	

��
��\

��
��

��
��

���
��


�
��

���
�	

��
��

�

��

�

��

��
��

��
��
&<
 

��
�'

#
��

�&
<
 

��
��

��
��

��
�


�
��

��

��

��
�	

��
��

��
�


��
��

��
���

	�
$�

��
��

�
���

��

�

�

��

��
��

��
��

�

���

�
��

��
?�

��
�=

	�
!�

��
�


��
��

_?
��

�
�=

	�
!�

��
�


��
��

��
�

�	
��

���
�!

��
��

��
��

��
��

��

	

��
��

	�
��

���
��

'
#

�
��
&<
 

��
��

�¥
"

��
��

��

�

��
���

��
��

��
�
�

��
��

��
��

��
��


�
��

��
��

��
$�

��
���

��
��

��
��

	�
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��

�

��
�

�	
��

	�
�

��
��

���
��

Ç
�

Z
��

��
��

��
��

��
��

�

��

��
��

�

��

��
��

�^
�

��
��

��
��

��
��


�
��

��
��

��
��

�
�
��

���
��


�
��

�\
��

��
�!

��>
��

�
�
��

���
��

�

��

��
��

��
��

��
��

��
�

��
��

��
��

��
��

��
�

��
��


��
��

��
��

$�
��

���
��

��
��

�
���

�
�

��
��

�
��


�
�

��
��

	�
��

>�
*
�

�
�

�
Z

��
��

��
��

�
���

�

��

��
��

��
��

��
��

���
��

��
���

��
��

���
��


��

�

��
��

��
��

���
��

�

�

��
��

��
��

�	
��

�

��

��
��

�

��

��
��

��
�

��

�

��
��

�!
�

� �

�
��

��
�

�:
�

�-
�

 �
@

���
��

�

��
��;�����
*��*�� ����
	�"
�
�!,���	�
�

�
��

��
�


��;
��

�
��

��
��

���
�1

*.
(�

���
��


*

�

����
��

�A
�-

�(
�

�

(�
��
.

�
��

��
�

�:
�

�-
�

 �
@

���
��

�

��
��;�����
*��*�� ����
	�"
�
�!,���	�
� �

��
��

�
�:

�
�-

�
 �

@
���

��
�

��
��;�����
*��*�� ����
	�"
�
�!,���	�
�

�
��

��
�


��;
��

�
��

��
��

���
�1

*.
(�

���
��


*

�

����
��

�A
�-

�(
�

�

�
��

��
�


��;
��

�
��

��
��

���
�1

*.
(�

���
��


*

�

����
��

�A
�-

�(
�

�
��

��
�A

�-
�(

�
�

(�
��
.

#
8

8
#

8
7



W
A

T
E

R
 S

T
A

B
L

E
 C

O
R

E
-S

H
E

L
L

 M
A

G
N

E
T

IT
E

 N
A

N
O

PA
R

T
IC

L
E

S 
A

S 
M

R
I 

C
O

N
T

R
A

ST
 A

G
E

N
T

S 

C
. M

ar
qu

in
aa*

, T
. T

or
re

sb , M
 .M

or
os

b , V
. G

ra
zú

b , J
.M

. d
e 

la
 F

ue
nt

eb , G
.F

. G
oy

ab , M
.R

. I
ba

rr
aa,

b

a In
st

itu
to

 d
e 

C
ie

nc
ia

 d
e 

M
at

er
ia

le
s d

e 
Ar

ag
ón

 (I
C

M
A-

D
pt

o.
 F

ís
ic

a 
de

 la
 M

at
er

ia
 C

on
de

ns
ad

a)
, C

SI
C-

U
ni

ve
rs

id
ad

 d
e 

Za
ra

go
za

, F
ac

ul
ta

d 
de

 C
ie

nc
ia

s, 
C

/P
ed

ro
 C

er
bu

na
 1

2,
 5

00
09

-Z
ar

ag
oz

a 
(S

pa
in

) 
b N

an
os

ci
en

ce
 In

st
itu

te
 o

f A
ra

go
n 

(I
N

A)
, U

ni
ve

rs
ity

 o
f Z

ar
ag

oz
a,

 E
di

fic
io

 In
te

rf
ac

ul
ta

tiv
o 

II
, C

/P
ed

ro
 C

er
bu

na
 1

2,
 

50
00

9 
Za

ra
go

za
, (

Sp
ai

n)
 

M
ag

ne
tic

 R
es

on
an

ce
 I

m
ag

in
g 

(M
R

I)
 is

 o
ne

 o
f 

th
e 

m
os

t p
ow

er
fu

l d
ia

gn
os

tic
 to

ol
s 

in
 m

ed
ic

in
e,

 d
ue

 to
 it

s 
no

n-
in

va
si

ve
 n

at
ur

e 
an

d 
hi

gh
 s

pa
tia

l r
es

ol
ut

io
n.

 A
lth

ou
gh

 e
no

rm
ou

s 
pr

og
re

ss
 h

as
 b

ee
n 

ac
hi

ev
ed

 in
 th

e 
im

pr
ov

em
en

t o
f t

he
 

te
ch

ni
qu

e 
its

el
f t

he
 d

ev
el

op
m

en
t o

f M
R

I c
on

tra
st

 a
ge

nt
s i

s s
til

l a
 w

id
e 

re
se

ar
ch

 fi
el

d.
 S

up
er

pa
ra

m
ag

ne
tic

 n
an

op
ar

tic
le

s 
ar

e 
be

in
g 

us
ed

 a
s 

M
R

I 
co

nt
ra

st
 a

ge
nt

s 
du

e 
to

 t
he

ir 
ca

pa
bi

lit
y 

of
 e

nh
an

ci
ng

 i
m

ag
e 

co
nt

ra
st

 b
y 

m
ea

ns
 a

 d
ra

m
at

ic
 

re
du

ct
io

n 
in

 T
2

of
 t

he
 w

at
er

 p
ro

to
ns

 i
n 

th
ei

r 
su

rr
ou

nd
in

gs
. 

In
 t

hi
s 

w
or

k 
w

e 
pr

es
en

t 
th

e 
sy

nt
he

si
s 

of
 w

at
er

-s
ta

bl
e 

su
pe

rp
ar

am
ag

ne
tic

 m
ag

ne
tit

e 
na

no
pa

rti
cl

es
 a

nd
 t

he
ir 

po
te

nt
ia

l 
us

e 
as

 m
ag

ne
tic

 r
es

on
an

ce
 i

m
ag

in
g 

(M
R

I)
 c

on
tra

st 
ag

en
ts

. 
M

on
od

is
pe

rs
e 

Fe
3O

4 
na

no
pa

rti
cl

es
 w

ith
 s

iz
e 

ar
ou

nd
 5

 n
m

 h
av

e 
be

en
 s

yn
th

es
iz

ed
 b

y 
th

er
m

al
 d

ec
om

po
si

tio
n 

of
 

Fe
(I

II
)a

ce
ty

la
ce

to
na

te
 in

 p
he

ny
l e

th
er

 in
 th

e 
pr

es
en

ce
 o

f o
le

ic
 a

ci
d 

an
d 

ol
ey

la
m

in
e 

fo
llo

w
in

g 
th

e 
pr

oc
ed

ur
e 

de
sc

rib
ed

 
by

 S
un

 a
nd

 c
o-

w
or

ke
rs

 [1
,2

]. 
Th

e 
sy

nt
he

si
s m

et
ho

d 
gi

ve
 u

s t
he

 p
os

si
bi

lit
y 

of
 v

ar
yi

ng
 th

e 
si

ze
 o

f t
he

 m
ag

ne
tic

 c
or

e,
 u

p 
to

 1
2 

nm
. 

Th
es

e 
na

no
pa

rti
cl

es
 a

re
 o

nl
y 

so
lu

bl
e 

in
 h

ex
an

e 
an

d 
ot

he
r 

no
n-

po
la

r 
or

 w
ea

kl
y 

po
la

r 
or

ga
ni

c 
so

lv
en

t. 
Fo

llo
w

in
g 

a 
pr

ev
io

us
ly

 re
po

rte
d 

st
ra

te
gy

 [3
] t

he
y 

ar
e 

su
bs

eq
ue

nt
ly

 c
oa

te
d 

w
ith

 p
ol

y[
m

al
ei

c 
an

hy
dr

id
e 

al
t-1

-o
ct

ad
ec

en
e]

 in
 o

rd
er

 to
 d

is
pe

rs
e 

th
em

 in
 

w
at

er
 

(o
r 

an
y 

ot
he

r 
ph

ys
io

lo
gi

ca
l 

bu
ff

er
), 

fo
rm

in
g 

a 
ve

ry
 

st
ab

le
 

su
sp

en
si

on
. 

Th
e 

po
ly

m
er

ic
 

sh
el

l 
pr

ov
id

es
 

al
so

 
th

e 
bi

oc
om

pa
tib

ili
ty

 
re

qu
ire

d 
fo

r 
in

-v
iv

o  
ap

pl
ic

at
io

ns
, 

an
d 

op
en

s 
up

 
a 

w
id

e 
ra

ng
e 

of
 

fu
nc

tio
na

liz
at

io
n 

al
te

rn
at

iv
es

. T
hi

s 
m

ak
es

 o
ur

 n
an

op
ar

tic
le

s 
su

ita
bl

e 
to

 b
e 

us
ed

 a
s 

sm
ar

t M
R

I c
on

tra
st

 a
ge

nt
s 

fo
r c

an
ce

r d
ia

gn
os

is
 a

nd
/o

r t
re

at
m

en
t, 

af
te

r 
th

ei
r 

lin
ki

ng
 t

he
 p

ol
ym

er
ic

 s
he

ll 
to

 t
he

 a
pp

ro
pr

ia
te

 t
um

or
 m

ar
ke

r 
re

ce
pt

or
 a

nd
/o

r c
he

m
ot

he
ra

py
 d

ru
g.

 
M

ag
ne

tiz
at

io
n 

m
ea

su
re

m
en

ts
 

co
nf

irm
 

th
e 

su
pe

rp
ar

am
ag

ne
tic

 
ch

ar
ac

te
r 

of
 o

ur
 n

an
oc

ry
st

al
s 

in
 a

 w
id

e 
te

m
pe

ra
tu

re
 r

an
ge

 (
fr

om
 r

oo
m

 
te

m
pe

ra
tu

re
 d

ow
n 

to
 3

0 
K

). 
Th

ei
r s

iz
e 

ha
s b

ee
n 

m
ea

su
re

d 
by

 tr
an

sm
is

si
on

 
el

ec
tro

n 
m

ic
ro

sc
op

y 
(T

EM
) 

an
d 

dy
na

m
ic

 l
ig

ht
 s

ca
tte

rin
g 

(D
LS

). 
Th

e 
re

su
lts

 c
on

fir
m

 th
e 

hi
gh

 m
on

od
is

pe
rs

ity
 o

f 
th

e 
pa

rti
cl

e 
si

ze
-d

is
tri

bu
tio

n.
 

Th
e 

pr
es

en
ce

 o
f 

th
e 

po
ly

m
er

 o
ut

er
 s

he
ll 

w
as

 c
on

fir
m

ed
 b

y 
Fo

ur
ie

r 
Tr

an
sf

or
m

 
In

fr
a-

R
ed

 
sp

ec
tro

sc
op

y 
(F

TI
R

), 
X

-r
ay

 
Ph

ot
oe

le
ct

ro
n 

sp
ec

tro
sc

op
y 

(X
PS

) a
nd

 T
he

rm
og

ra
vi

m
et

ric
 a

na
ly

si
s (

TG
A

). 
 

TE
M

 im
ag

e 
of

 th
e 

5 
nm

 F
e 3

O
4 n

an
op

ar
tic

le
s 

H
R

TE
M

 im
ag

e 
of

 th
e 

12
 n

m
 F

e 3
O

4
na

no
pa

rti
cl

es

N
M

R
 

re
la

xa
tio

n 
m

ea
su

re
m

en
ts

 w
er

e 
pe

rf
or

m
ed

 
in

 
a 

to
p-

be
nc

h 
eq

ui
pm

en
t, 

op
er

at
in

g 
a 

1.
5 

Te
sl

a 
an

d 
37

 °
C

, 
fo

r 
se

ve
ra

l 
m

ag
ne

tit
e 

co
nc

en
tra

tio
ns

 in
 w

at
er

-s
ta

bl
e 

su
sp

en
sio

n,
 in

 o
rd

er
 to

 d
et

er
m

in
e 

T 1
 a

nd
 T

2
re

la
xa

tio
n 

tim
es

. 
B

ot
h 

sp
in

-la
tti

ce
 a

nd
 s

pi
n-

sp
in

 r
el

ax
at

io
n 

sh
ow

 a
 

m
on

oe
xp

on
en

tia
l d

ec
ay

. T
he

 o
bt

ai
ne

d 
va

lu
e 

of
 th

e 
r 2

 re
la

xi
vi

ty
 m

ak
es

 o
ur

 
bi

oc
om

pa
tib

le
 w

at
er

 f
er

ro
flu

id
 a

 p
ro

m
is

in
g 

ca
nd

id
at

e 
to

 b
e 

us
ed

 a
s 

M
R

I 
co

nt
ra

st
 a

ge
nt

. 
A

 s
ys

te
m

at
ic

 s
tu

dy
 h

as
 b

ee
n 

un
de

rta
ke

n 
in

 o
rd

er
 t

o 
ev

al
ua

te
 t

he
 d

ep
en

de
nc

e 
of

 t
he

 t
ra

ns
ve

rs
al

 r
el

ax
iv

ity
 o

n 
th

e 
m

ag
ne

tit
e 

co
nt

en
t, 

de
pe

nd
in

g 
on

 th
e 

si
ze

 o
f t

he
 c

or
e.

 

[1
] S

un
, S

., 
an

d 
Ze

ng
, H

. “
Si

ze
-c

on
tro

lle
d 

sy
nt

he
si

s o
f m

ag
ne

tit
e 

na
no

pa
rti

cl
es

” 
J.

 A
m

. C
he

m
. S

oc
. 2

00
2,

 1
24

, 8
20

4-
82

05
. 

[2
] S

un
, S

., 
Ze

ng
, H

., 
R

ob
in

so
n,

 D
. B

., 
R

ao
ux

, S
., 

R
ic

e,
 P

. M
., 

W
an

g,
 S

. X
., 

an
d 

Li
, G

. “
M

on
od

is
pe

rs
e 

M
Fe

2O
4 

(M
= 

Fe
, C

o,
 M

n)
 

na
no

pa
rti

cl
es

”
J.

 A
m

. C
he

m
. S

oc
. 2

00
4,

 1
26

, 2
73

-2
79

. 
[3

] P
el

le
gr

in
o,

 T
., 

M
an

na
, L

., 
K

ud
er

a,
 S

., 
Li

ed
l, 

T.
, K

ok
ys

h,
 D

., 
R

og
ac

h,
 A

. L
., 

K
el

le
r, 

S.
, R

äd
le

r, 
J.,

 N
at

ile
, G

., 
an

d 
Pa

ra
k,

 W
. J

. 
“H

yd
ro

ph
ob

yc
 n

an
oc

ry
st

al
s 

co
at

ed
 w

ith
 a

n 
am

ph
ip

hi
lic

 p
ol

ym
er

 s
he

ll:
 a

 g
en

er
al

 ro
ut

e 
to

 w
at

er
 s

ol
ub

le
 n

an
oc

ry
st

al
s”

 N
an

ol
et

te
rs

20
04

, 4
(4

), 
70

3-
70

7.

M
et

ho
d 

of
 s

yn
ch

ro
no

us
 u

ltr
as

on
ic

 D
op

pl
er

 im
ag

in
g 

of
 m

ag
ne

tic
 

m
ic

ro
pa

rt
ic

le
s

in
 v

iv
o.

Py
sh

ny
i M

.P
h.

, K
uz

ne
ts

ov
 O

.A
., 

Py
sh

na
ya

 S
.V

., 
 N

et
ht

ai
lo

 G
.S

., 
K

uz
ne

ts
ov

 A
.A

. 

In
st

itu
te

 o
f B

io
ch

em
ic

al
 P

hy
si

cs
, R

us
si

an
 A

ca
de

m
y 

of
 S

ci
en

ce
s, 

ak
uz

@
pr

oc
.ru

U
ltr

as
on

ic
 m

ed
ic

al
 im

ag
in

g 
te

ch
no

lo
gy

 is
 n

on
-in

va
si

ve
, w

id
el

y 
av

ai
la

bl
e,

 s
af

e,
 

ea
sy

 to
 u

se
, a

nd
 in

ex
pe

ns
iv

e.
 K

ee
pi

ng
 th

es
e 

ad
va

nt
ag

es
 in

 m
in

d,
 it

 w
ou

ld
 b

e 
hi

gh
ly

 
de

si
ra

bl
e 

to
 u

se
 th

e 
ac

ou
st

ic
 im

ag
in

g 
te

ch
no

lo
gy

 fo
r i

n 
vi

vo
 d

et
ec

tio
n 

of
 m

ag
ne

tic
 

m
ic

ro
pa

rti
cl

es
, w

hi
ch

 a
re

 u
se

d 
fo

r m
ag

ne
tic

al
ly

 ta
rg

et
ed

 d
ru

g 
de

liv
er

y 
an

d 
m

ag
ne

tic
 

hy
pe

rth
er

m
ia

. H
ow

ev
er

, t
he

 m
ic

ro
pa

rti
cl

es
 a

re
 m

uc
h 

sm
al

le
r t

he
n 

th
e 

re
so

lu
tio

n 
of

 
co

nv
en

tio
na

l m
ed

ic
al

 u
ltr

as
on

ic
 im

ag
in

g 
te

ch
ni

qu
es

, a
nd

 c
an

no
t b

e 
de

te
ct

ed
 b

y 
th

es
e 

m
et

ho
ds

 d
ire

ct
ly

.
W

e 
pr

op
os

e 
a 

m
et

ho
d 

fo
r d

et
ec

tio
n 

an
d 

im
ag

in
g 

of
 m

ag
ne

tic
 m

ic
ro

pa
rti

cl
es

 a
nd

 
th

ei
r c

on
gr

eg
at

io
ns

 in
si

de
 s

of
t t

is
su

es
 in

 v
iv

o.
 W

he
n 

th
e 

pa
rti

cl
es

 in
si

de
 a

 ti
ss

ue
 a

re
 

su
bj

ec
te

d 
to

 a
 lo

w
 fr

eq
ue

nc
y 

al
te

rn
at

in
g 

m
ag

ne
tic

 fi
el

d,
 th

ey
 o

sc
ill

at
e,

 a
nd

 th
es

e 
vi

br
at

io
ns

 a
re

 tr
an

sf
er

re
d 

to
 th

e 
tis

su
e.

 U
si

ng
 th

e 
A

 a
nd

 B
-s

ca
nn

in
g 

m
od

es
 it

 is
 

po
ss

ib
le

 to
 re

gi
st

er
 D

op
pl

er
 s

ig
na

ls
 fr

om
 th

e 
m

ov
in

g 
tis

su
e,

 a
nd

 th
es

e 
si

gn
al

s 
ca

n 
in

di
ca

te
 th

e 
lo

ca
liz

at
io

n 
of

 th
e 

m
ag

ne
tic

 p
ar

tic
le

s.
 T

o 
im

pr
ov

e 
th

e 
se

ns
iti

vi
ty

 o
f t

he
 

de
te

ct
io

n,
 th

e 
D

op
pl

er
 s

ig
na

l c
an

 b
e 

de
te

ct
ed

 a
t t

he
 fr

eq
ue

nc
y 

of
 th

e 
m

od
ul

at
in

g 
m

ag
ne

tic
 fi

el
d,

 a
nd

 p
ur

ifi
ed

 w
ith

 a
 lo

w
 fr

eq
ue

nc
y 

fil
te

r. 
Th

e 
fe

as
ib

ili
ty

 o
f t

he
 m

et
ho

d 
w

as
 te

st
ed

 u
si

ng
 a

 m
od

el
 o

f a
 s

of
t t

is
su

e 
m

ad
e 

of
 

pi
g 

liv
er

 (c
a.

 5
x7

x1
0 

cm
). 

S
us

pe
ns

io
n 

of
 fe

rr
oc

ar
bo

n 
m

ic
ro

pa
rti

cl
es

 w
as

 in
je

ct
ed

 in
to

 
th

e 
tis

su
e 

us
in

g 
a 

sy
rin

ge
. T

he
 ti

ss
ue

 a
re

a 
co

nt
ai

ni
ng

 m
ag

ne
tic

 p
ar

tic
le

s 
w

as
 

po
si

tio
ne

d 
in

si
de

 th
e 

fie
ld

 o
f v

ie
w

 o
f a

n 
ul

tra
so

ni
c 

m
ed

ic
al

 s
ca

nn
er

 �
�

�
-0

8-
�

�
�

(M
ed

ic
al

 A
co

us
tic

 Im
ag

in
g 

S
ci

en
ce

 a
nd

 T
ec

hn
ol

og
y 

C
en

te
r, 

Lt
d.

), 
op

er
at

in
g 

at
 4

.0
 

M
H

z,
 w

ith
 a

 c
us

to
m

 s
of

tw
ar

e 
de

si
gn

ed
 fo

r t
hi

s 
te

ch
ni

qu
e.

 
A

lte
rn

at
in

g 
m

ag
ne

tic
 fi

el
d 

w
as

 g
en

er
at

ed
 b

y 
a 

re
ct

an
gu

la
r (

40
x4

0x
20

 m
m

) 
N

dF
eB

 a
llo

y 
m

ag
ne

t, 
w

hi
ch

 w
as

 ro
ta

te
d 

by
 a

 s
te

p 
m

ot
or

 a
t t

he
 ra

te
 o

f 1
0 

re
vo

lu
tio

ns
 

pe
r s

ec
on

d.
 P

ea
k 

m
ag

ne
tic

 fi
el

d 
in

 th
e 

ar
ea

 w
ith

 th
e 

pa
rti

cl
es

 w
as

 a
bo

ut
 1

50
0 

G
au

ss
. M

ag
ne

tic
 fi

el
d 

ve
ct

or
 w

as
 p

er
pe

nd
ic

ul
ar

 to
 th

e 
di

re
ct

io
n 

of
 ro

ta
tio

n,
 a

nd
 w

as
 

al
m

os
t p

ar
al

le
l t

o 
ac

ou
st

ic
 s

ca
nn

in
g 

pl
an

e.
D

op
pl

er
 s

ig
na

ls
 fr

om
 th

e 
ar

ea
 o

f s
of

t t
is

su
e 

co
nt

ai
ni

ng
 m

ag
ne

tic
 m

ic
ro

pa
rti

cl
es

 
w

er
e 

ob
se

rv
ed

, d
em

on
st

ra
tin

g 
th

e 
fe

as
ib

ili
ty

 o
f i

m
ag

in
g 

m
ag

ne
tic

 p
ar

tic
le

s 
co

ng
re

ga
tio

ns
 in

si
de

 a
 s

of
t b

io
lo

gi
ca

l t
is

su
e 

us
in

g 
ac

ou
st

ic
 im

ag
in

g.
 

 
 

 
 

 
 

 
 

 
sc

an
ne

r 
 

m
ot

or
  

 
   

   
   

 m
od

el
 

so
ft 

tis
su

e 
 

 
 

 
 

 
ul

tra
so

ni
c 

 
 

 
pa

rti
cl

es
   

   
   

   
   

   
   

   
 p

ro
be

 
   

   
 m

ag
ne

t 

N
S

#
9

0
#

8
9



P
ol

ym
er

 C
oa

te
d 

Su
pe

rp
ar

am
ag

ne
ti

c 
N

an
op

ar
ti

cl
es

 f
or

 
C

el
lu

la
r 

U
pt

ak
e 

an
d 

M
R

I 
D

et
ec

ti
on

 

Ji
an

 Q
in

1 , M
en

gm
en

g 
Li

n2 , S
op

hi
e 

La
ur

en
t3 , D

o 
K

yu
ng

 K
im

2 , M
am

ou
n 

M
uh

am
m

ed
1

1 D
iv

is
io

n 
of

 F
un

ct
io

na
l M

at
er

ia
ls

, S
ch

oo
l o

f I
nf

or
m

at
io

n 
an

d 
C

om
m

un
ic

at
io

n 
Te

ch
no

lo
gy

, R
oy

al
 In

st
itu

te
 o

f 
Te

ch
no

lo
gy

, S
to

ck
ho

lm
, S

w
ed

en
, 2 In

st
itu

te
 fo

r S
ci

en
ce

 &
 T

ec
hn

ol
og

y 
in

 M
ed

ic
in

e,
 K

ee
le

 U
ni

ve
rs

ity
, S

to
ke

-o
n-

Tr
en

t, 
U

K
, 3 D

ep
ar

tm
en

t o
f G

en
er

al
, O

rg
an

ic
 a

nd
 B

io
m

ed
ic

al
 C

he
m

is
tr

y,
 N

M
R 

an
d 

M
ol

ec
ul

ar
 Im

ag
in

g 
La

bo
ra

to
ry

, U
ni

ve
rs

ity
 o

f M
on

s-
H

ai
na

ut
, M

on
s, 

Be
lg

iu
m

 E
m

ai
l: 

jia
nq

@
kt

h.
se

 

M
ag

ne
tic

 r
es

on
an

ce
 i

m
ag

in
g 

(M
R

I)
 h

as
 b

ee
n 

re
co

gn
iz

ed
 a

s 
on

e 
of

 t
he

 b
es

t 
no

ni
nv

as
iv

e 
im

ag
in

g 
m

od
al

iti
es

 in
 b

ot
h 

cl
in

ic
al

 a
nd

 re
se

ar
ch

 fi
el

ds
 d

ue
 to

 it
s 

ab
ili

ty
 to

 p
ro

vi
de

 a
 w

ea
lth

 o
f 

sp
at

ia
l 

an
d 

te
m

po
ra

l 
in

fo
rm

at
io

n 
w

ith
 e

xc
el

le
nt

 r
es

ol
ut

io
n.

 R
ec

en
tly

, 
de

ve
lo

pm
en

t 
of

 M
R

I 
co

nt
ra

st
 a

ge
nt

s 
ba

se
d 

on
 s

up
er

pa
ra

m
ag

ne
tic

 n
an

op
ar

tic
le

s 
is

 o
f 

gr
ow

in
g 

in
te

re
st

 d
ue

 t
o 

th
e 

re
qu

ire
m

en
t o

f 
m

an
ip

ul
at

in
g 

th
e 

im
ag

in
g 

co
nt

ra
st

 a
nd

 la
be

lin
g 

of
 c

er
ta

in
 c

el
ls

, p
at

ho
lo

gi
ca

l 
tis

su
es

 o
r o

rg
an

s. 

Su
pe

rp
ar

am
ag

ne
tic

 i
ro

n 
ox

id
e 

na
no

pa
rti

cl
es

 (
SP

IO
N

) 
sy

nt
he

si
ze

d 
in

 h
ig

h 
bo

ili
ng

 o
rg

an
ic

 
so

lu
tio

n 
ar

e 
pr

om
is

in
g 

ca
nd

id
at

es
 f

or
 T

2 
co

nt
ra

st
 a

ge
nt

s 
ow

in
g 

to
 t

he
ir 

na
rr

ow
 s

iz
e 

di
st

rib
ut

io
n 

an
d 

hi
gh

 c
ry

st
al

lin
ity

. S
PI

O
N

 a
re

 s
ub

se
qu

en
tly

 tr
an

sf
er

re
d 

to
 a

n 
aq

ue
ou

s 
so

lu
tio

n 
w

ith
 t

he
 a

ss
is

ta
nc

e 
of

 P
lu

ro
ni

c 
F1

27
 (

PF
12

7)
 c

op
ol

ym
er

s. 
Th

e 
PF

12
7-

co
at

ed
 S

PI
O

N
 

(P
O

A
@

SP
IO

N
) 

sh
ow

 r
em

ar
ka

bl
e 

pe
rf

or
m

an
ce

 a
s 

T 2
 c

on
tra

st
 a

ge
nt

s 
un

de
rli

ne
d 

by
 h

ig
h 

va
lu

es
 o

f r
el

ax
iv

ity
 ra

tio
s (

r 2
/r 1

).

Th
e 

co
m

po
si

te
 n

an
op

ar
tic

le
s 

of
 P

O
A

@
SP

IO
N

 w
ith

 d
iff

er
en

t 
co

nc
en

tra
tio

ns
 a

re
 i

nc
ub

at
ed

 
w

ith
 

os
te

os
ar

co
m

a 
M

G
-6

3 
ce

ll 
lin

e 
fo

r 
pr

ed
et

er
m

in
ed

 
pe

rio
ds

. 
In

te
rn

al
iz

at
io

n 
of

 
na

no
pa

rti
cl

es
 is

 o
bs

er
ve

d 
un

de
r 

m
ic

ro
sc

op
e 

af
te

r 
Pr

us
si

an
 b

lu
e 

st
ai

ni
ng

. M
TT

 a
ss

ay
 s

ho
w

s 
th

at
 t

he
 v

ia
bi

lit
y 

of
 c

el
ls

 w
as

 n
ot

 s
ig

ni
fic

an
tly

 p
er

tu
rb

ed
 a

fte
r 

en
do

cy
to

si
s 

of
 c

om
po

si
te

 
na

no
pa

rti
cl

es
, i

nd
ic

at
in

g 
th

at
 P

O
A

@
SP

IO
N

 is
 b

io
co

m
pa

tib
le

. N
eg

at
iv

e 
co

nt
ra

st
 e

nh
an

ce
m

en
t 

is
 o

bs
er

ve
d 

an
d 

qu
an

tif
ie

d 
w

ith
 m

ag
ne

tic
 re

so
na

nc
e 

(M
R

) p
ha

nt
om

 im
ag

in
g 

fo
r M

G
-6

3 
ce

lls
. 

F
ig

u
re

 1
. (

Le
ft)

 P
ar

tic
le

 in
te

rn
al

iz
at

io
n 

by
 M

G
-6

3 
ce

lls
 a

fte
r P

ru
ss

ia
n 

bl
ue

 st
ai

ni
ng

; (
R

ig
ht

) M
R

 p
ha

nt
om

 

im
ag

in
g 

of
 M

G
-6

3 
ce

lls
 a

fte
r o

ne
 h

ou
r i

nc
ub

at
io

n 
w

ith
 P

O
A

@
SP

IO
N

 o
f d

iff
er

en
t c

on
ce

nt
ra

tio
ns

 

W
or

k 
su

pp
or

te
d 

by
 E

ur
op

ea
n 

C
om

m
is

si
on

 6
th

 F
ra

m
ew

or
k 

Pr
og

ra
m

 (
Pr

oj
ec

ts
: 

In
no

M
ed

 L
SH

B
-C

T-
20

05
-

51
81

70
 a

nd
 N

an
oE

ar
 N

M
P4

-C
T-

20
06

-0
26

55
6)

 

Th
e 

sy
nt

he
si

s 
of

 d
en

dr
im

er
-m

od
ifi

ed
 s

up
er

pa
ra

m
ag

ne
tic

 
co

nt
ra

st
 a

ge
nt

 a
nd

 it
s 

ap
pl

ic
at

io
n 

in
 e

nh
an

ci
ng

 M
R

 Im
ag

in
g 

of
 

he
pa

to
ce

llu
la

r c
ar

ci
no

m
a 

 
H

an
w

en
 S

un
 1�

, L
ia

ny
in

g 
Zh

an
g1 , X

in
ju

n 
Zh

u 
1 , L

im
ei

 W
an

g1 , D
un

qi
ng

 

W
an

g1 , X
is

he
ng

 L
iu

 2

1 D
ez

ho
u 

U
ni

ve
rs

ity
, D

ez
ho

u,
 P

R
 C

hi
na

, 2 N
an

jin
g 

M
ed

ic
al

 U
ni

ve
rs

ity
, N

an
jin

g,
 P

R
 C

hi
na

 

M
ag

ne
tic

 r
es

on
an

ce
 i

m
ag

in
g(

M
R

I)
 i

s 
th

e 
m

os
t 

pr
om

is
in

g 
no

n-
in

va
si

ve
 d

ia
gn

os
tic

 t
ec

hn
iq

ue
 o

f 
he

pa
to

ce
llu

la
r 

ca
rc

in
om

a.
 C

ur
re

nt
ly

, 
m

or
e 

th
an

 3
5%

 o
f 

al
l 

M
R

I 
ex

am
in

at
io

ns
 a

re
 a

cc
om

pa
ni

ed
 b

y 
ad

m
in

is
tra

tio
n 

of
 c

on
tra

st
 a

ge
nt

s. 
U

p 
to

 n
ow

, 
tw

o 
ki

nd
s 

of
 c

on
tra

st
 a

ge
nt

s, 
na

m
el

y 
pa

ra
m

ag
ne

tic
 a

nd
 

su
pe

rp
ar

am
ag

ne
tic

 a
ge

nt
s, 

ha
ve

 b
ee

n 
us

ed
 f

or
 i

nt
ra

ve
no

us
 a

dm
in

is
tra

tio
n.

 T
he

 p
ar

am
ag

ne
tic

 a
ge

nt
 h

av
e 

be
en

 u
se

d 
su

cc
es

sf
ul

ly
 to

 e
nh

an
ce

 th
e 

im
ag

in
g 

of
 b

ra
in

 a
nd

 c
en

tra
l n

er
vo

us
 s

ys
te

m
. H

ow
ev

er
, t

he
se

 s
m

al
l 

hy
dr

op
hi

lic
 c

om
pl

ex
es

 a
re

 n
on

sp
ec

ifi
c 

ex
tra

ce
llu

la
r 

co
nt

ra
st

 a
ge

nt
s 

an
d 

ar
e 

ex
cr

et
ed

 r
ap

id
ly

 th
ro

ug
h 

th
e 

ki
dn

ey
s, 

an
d 

its
 r

en
al

 t
ox

ic
ity

 h
as

 b
ee

n 
do

cu
m

en
te

d 
re

ce
nt

ly
. 

Th
er

ef
or

e,
 i

t 
is

 a
 s

ig
ni

fic
an

t 
ne

ed
 f

or
 

su
pe

rp
ar

am
ag

ne
tic

 a
ge

nt
s 

w
ith

 b
et

te
r h

yd
ro

ph
ili

ci
ty

, b
io

co
m

pa
tib

ili
ty

 a
nd

 ta
rg

et
in

g 
sp

ec
ifi

c 
or

ga
ns

 s
uc

h 
as

 
de

nd
rim

er
-m

od
ifi

ed
 su

pe
rp

ar
am

ag
ne

tic
 c

on
tra

st
 to

 g
ai

n 
th

e 
gr

ea
te

st
 d

ia
gn

os
tic

 v
al

ue
. 

 
B

as
ed

 o
n 

ou
r 

pr
ev

io
us

 w
or

k,
 a

 p
ro

je
ct

 i
s 

pr
es

en
te

d 
th

at
 t

he
 s

yn
th

es
is

 o
f 

de
nd

rim
er

-m
od

ifi
ed

 
su

pe
rp

ar
am

ag
ne

tic
 c

on
tra

st
 a

ge
nt

 a
nd

 it
s a

pp
lic

at
io

n 
in

 e
nh

an
ci

ng
 M

R
 Im

ag
in

g 
of

 h
ep

at
oc

el
lu

la
r c

ar
ci

no
m

a.
 

Th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

ge
ne

ra
tio

ns
 o

f 
de

nd
rim

er
-m

od
ifi

ed
 s

up
er

pa
ra

m
ag

ne
tic

 c
on

tra
st

 a
ge

nt
 a

nd
 

ta
rg

et
in

g 
in

 h
ep

at
oc

el
lu

la
r c

ar
ci

no
m

a,
 a

nd
 th

e 
re

la
tio

ns
hi

p 
be

tw
ee

n 
ge

ne
ra

tio
ns

 a
nd

 e
nh

an
ci

ng
 M

R
 Im

ag
in

g 
w

ill
 b

e 
di

sc
us

se
d.

 T
he

 re
se

ar
ch

 w
ill

 b
e 

pr
om

is
in

g 
in

 M
R

I c
on

tra
st

 a
ge

nt
 a

nd
 it

s c
lin

ic
al

 a
pp

lic
at

io
n.

 

Fi
g.

1 
Sc

he
m

at
ic

 il
lu

st
ra

tio
n 

fo
r s

yn
th

es
is

 o
f d

en
dr

im
er

-m
od

ifi
ed

 su
pe

rp
am

ag
ne

tic
 c

on
tra

st
 a

ge
nt

 

#
9

2
#

9
1



C
ar

bo
cy

an
in

e 
L

ab
el

ed
 B

M
Ps

 fo
r 

O
pt

ic
al

 Im
ag

in
g 

in
 v

itr
o 

an
d 

in
 v

iv
o

T
ao

 T
an

g1 , R
an

 G
ao

2
, L

ia
nf

en
g 

Zh
an

g2
, W

ei
 J

ia
ng

1 , J
ie

sh
en

g 
T

ia
n1 ,Y

in
g 

L
i1 *

1.
 S

ta
te

 K
ey

 L
ab

or
at

or
ie

s 
fo

r 
A

gr
ob

io
te

ch
no

lo
gy

, 
C

ol
le

ge
 o

f 
B

io
lo

gi
ca

l 
Sc

ie
nc

es
, 

C
hi

na
 

A
gr

ic
ul

tu
ra

l U
ni

ve
rs

ity
, B

ei
jin

g 
,1

00
09

4,
 C

hi
na

2.
 In

st
itu

te
 o

f L
ab

or
at

or
y 

A
ni

m
al

 S
ci

en
ce

, C
hi

ne
se

 A
ca

de
m

y 
of

 M
ed

ic
al

 S
ci

en
ce

s, 
Pe

ki
ng

 U
ni

on
 

M
ed

ic
al

 C
ol

le
ge

, B
ei

jin
g,

 1
00

02
1,

 C
hi

na
 

* 
C

or
re

sp
on

de
nc

e:
 y

in
gl

i5
28

@
vi

p.
si

na
.c

om
 

B
ac

te
ria

l m
ag

ne
tic

 p
ar

tic
le

s 
(B

M
Ps

) 
sy

nt
he

si
ze

d 
by

 m
ag

ne
to

ta
ct

ic
 b

ac
te

ria
 h

av
e 

dr
aw

n 
gr

ea
t i

nt
er

es
t a

s 
re

pl
ac

em
en

ts
 fo

r t
ar

ge
te

d 
dr

ug
 c

ar
rie

rs
 d

ue
 to

 th
ei

r u
ni

qu
e 

fe
at

ur
es

 s
uc

h 
as

 p
ar

am
ag

ne
tis

m
, 

na
no

-s
ca

le
, 

na
rr

ow
 s

iz
e 

di
st

rib
ut

io
n 

an
d 

m
em

br
an

e-
bo

un
de

d.
 O

ur
 

gr
ou

p 
re

ce
nt

ly
 t

es
te

d 
if 

B
M

s 
us

ed
 a

s 
nu

cl
ei

c 
ac

id
s 

ca
rr

ie
r, 

an
tib

od
ie

s 
ca

rr
ie

r 
an

d 
dr

ug
 

ca
rr

ie
r f

or
 th

e 
an

ti-
ne

op
la

st
ic

 a
ge

nt
 d

ox
or

ub
ic

in
 (D

O
X

). 
 I

nc
or

po
ra

tio
n 

of
 a

 fl
uo

re
sc

en
t 

dy
e 

in
to

 B
M

Ps
 e

na
bl

es
 th

e 
de

te
ct

io
n 

an
d 

m
on

ito
rin

g 
of

 th
e 

m
ov

em
en

t o
f 

B
M

Ps
 w

ith
 a

 
se

ns
iti

ve
 f

lu
or

es
ce

nc
e 

de
te

ct
io

n 
te

ch
ni

qu
e 

su
ch

 a
s 

co
nf

oc
al

 l
as

er
 s

ca
nn

in
g 

m
ic

ro
sc

op
y.

 
A

s 
B

M
Ps

 h
av

e 
a 

ne
ga

tiv
el

y 
ch

ar
ge

d 
cy

to
pl

as
m

ic
 m

em
br

an
e,

 o
ne

 o
f t

he
 m

et
ho

ds
 fo

r t
he

 
flu

or
es

ce
nc

e 
la

be
lin

g 
is

 
us

in
g 

a 
lip

op
hi

lic
 

ca
rb

oc
ya

ni
ne

 
dy

e 
su

ch
 

as
 

D
iI 

(1
,1

’-
di

oc
ta

de
cy

l-3
,3

,3
’,3

’ 
-te

tra
m

et
hy

lin
do

ca
rb

oc
ya

ni
ne

  
pe

rc
hl

or
at

e,
 e

x.
 5

49
nm

, 
em

. 
56

4 
nm

). 
 

U
si

ng
 B

M
Ps

 la
be

le
d 

w
ith

 D
iI 

w
e 

pe
rf

or
m

ed
 c

el
l u

pt
ak

e 
st

ud
ie

s, 
co

nf
oc

al
 m

ic
ro

sc
op

y,
 

an
d 

in
 v

iv
o 

op
tic

al
 i

m
ag

in
g.

 T
he

 l
ab

el
in

g 
ef

fic
ie

nc
y 

of
 D

iI-
B

M
Ps

 w
as

 7
6 

ng
 D

iI/
μg

 
B

M
Ps

  
w

he
n 

th
e 

D
iI 

st
oc

k 
w

as
 a

dd
ed

 to
 th

e 
B

M
Ps

 s
us

pe
ns

io
n 

to
 y

ie
ld

 a
 f

in
al

 r
at

io
 o

f 
30

0 
μg

 D
iI 

to
 1

 m
g 

B
M

Ps
. C

on
fo

ca
l m

ic
ro

sc
op

ic
 im

ag
es

 s
ho

w
ed

 u
pt

ak
e 

of
 D

iI-
B

M
Ps

 
th

ro
ug

ho
ut

 th
e 

cy
to

pl
as

m
 in

 th
e 

m
ou

se
 e

m
br

yo
ni

c 
fib

ro
bl

as
t (

M
EF

) c
el

ls
 w

he
n 

ce
lls

 w
er

e 
in

cu
ba

te
d 

w
ith

 5
 μ

g/
m

l D
iI-

B
M

Ps
 a

t 3
7°

C
 a

nd
 th

e 
flu

or
es

ce
nc

e 
of

 D
iI-

B
M

Ps
 w

as
 s

til
l 

in
te

ns
e 

en
ou

gh
 to

 b
e 

de
te

ct
ed

 in
 c

el
ls

 a
fte

r 1
18

 h
 in

cu
ba

tio
n.

  
A

fte
r 

in
je

ct
in

g 
D

iI-
B

M
Ps

 w
e 

w
er

e 
ab

le
 t

o 
tra

ce
 B

M
Ps

 f
at

e 
fo

r 
at

 l
ea

st
 8

 d
ay

s 
in

 
nu

de
 m

ic
e 

us
in

g 
a 

hi
gh

ly
 s

en
si

tiv
e 

C
C

D
 c

am
er

a.
 M

ax
im

um
 i

nt
en

si
ty

 w
as

 f
ou

nd
 a

fte
r 

in
je

ct
ed

 f
or

 2
 d

ay
s, 

bu
t l

um
in

es
ce

nc
e 

si
gn

al
s 

re
m

ai
ne

d 
de

te
ct

ab
le

 th
ro

ug
ho

ut
 th

e 
en

tir
e 

ex
pe

rim
en

t. 
Im

m
ed

ia
te

ly
 

af
te

r 
in

je
ct

io
n,

 
D

iI-
B

M
Ps

 
st

ar
te

d 
m

ig
ra

tin
g 

fr
om

 
th

e 
ap

pl
ic

at
io

n 
si

te
. 

Fr
om

 d
ay

 2
 t

o 
8,

 l
um

in
es

ce
nc

e 
ap

pe
ar

ed
 t

o 
ha

ve
 a

cc
um

ul
at

ed
 i

n 
th

e 
lu

ng
s 

in
di

ca
tin

g 
th

at
 D

iI-
B

M
Ps

 h
ad

 m
ai

nl
y 

ac
cu

m
ul

at
ed

 i
n 

th
e 

lu
ng

s 
of

 n
ud

e 
m

ic
e.

 I
t 

co
ul

d 
be

 e
xp

la
in

ed
 th

at
 b

lo
od

 v
es

se
ls

 in
 lu

ng
s 

w
er

e 
ve

ry
 p

ro
fu

se
so

 th
at

 B
M

Ps
 w

er
e 

ap
t 

to
 m

ig
ra

te
 to

 lu
ng

s 
w

ith
 b

lo
od

 s
tre

am
, b

ut
 th

e 
B

M
Ps

 r
et

ai
ne

d 
in

 lu
ng

s 
fo

r 
su

ch
 a

 lo
ng

 
tim

e 
sh

ou
ld

 b
e 

in
ve

st
ig

at
e 

in
 fu

tu
re

. 

* 
Th

is
 w

or
k 

w
as

 s
up

po
rte

d 
by

 th
e 

C
hi

ne
se

 H
ig

h 
Te

ch
no

lo
gy

 R
es

ea
rc

h 
an

d 
D

ev
el

op
m

en
t 

Pr
og

ra
m

 ( 
G

ra
nt

s N
o.

20
06

A
A

02
Z2

33
 a

nd
 2

00
7A

A
02

18
04

 ) 

#
9

4
#

9
3



L
io

ph
ili

c S
up

er
pa

ra
m

ag
ne

tic
 Ir

on
 O

xi
de

 N
an

op
ar

tic
le

s w
ith

 M
ix

ed
 M

ic
el

la
r 

Sy
st

em
-F

ol
at

e 
C

on
ju

ga
te

 

K
yo

un
gj

a 
W

oo
1*

, J
ih

yu
ng

 M
oo

n1,
2 , K

yu
-S

il 
C

ho
i3 , K

w
on

-H
a 

Yo
on

3 , a
nd

 T
ae

-Y
eo

n 
Se

on
g2

1 N
an

o-
M

at
er

ia
ls

 R
es

ea
rc

h 
C

en
te

r, 
K

or
ea

 In
st

itu
te

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y,
 P

.O
. B

ox
 1

31
, C

he
on

gr
ya

ng
, S

eo
ul

 

13
0-

65
0,

 K
or

ea
,

2 D
ep

ar
tm

en
t o

f M
at

er
ia

ls
 S

ci
en

ce
 a

nd
 E

ng
in

ee
rin

g,
 K

or
ea

 U
ni

ve
rs

ity
, 5

-1
 A

na
m

-D
on

g,
 

Su
ng

bo
ok

-K
u,

 S
eo

ul
, 1

36
-7

13
, K

or
ea

,
3 In

st
itu

te
 fo

r R
ad

io
lo

gi
ca

l I
m

ag
in

g 
Sc

ie
nc

e,
 W

on
kw

an
g 

U
ni

ve
rs

ity
 S

ch
oo

l 

of
 M

ed
ic

in
e,

 3
44

-2
, S

hi
ny

on
g,

 Ik
sa

n,
 Je

on
bu

k 
57

0-
74

9,
 K

or
ea

,  
*E

-m
ai

l :
kj

w
oo

@
ki

st
.re

.k
r

In
 t

hi
s 

st
ud

y,
 w

e 
pr

ep
ar

ed
 f

ol
at

e-
co

nj
ug

at
ed

 l
io

ph
ili

c 
su

pe
rp

ar
am

ag
ne

tic
 i

ro
n 

ox
id

e 
na

no
pa

rti
cl

es
, S

PI
O

N
(-

D
A

) ex
(-

M
U

A
-F

A
) 5

 (
D

A
 =

 d
ec

yl
am

in
e,

 M
U

A
 =

 m
er

ca
pt

ou
nd

ec
an

oi
c 

ac
id

, a
nd

 F
A

 =
 fo

lic
 a

ci
d)

, a
nd

 in
ve

st
ig

at
ed

 th
ei

r c
el

lu
la

r u
pt

ak
e 

by
 K

B
 c

el
l (

hu
m

an
 e

pi
de

rm
oi

d 
ca

rc
in

om
a 

ce
ll)

, w
hi

ch
 is

 o
ne

 o
f t

he
 re

pr
es

en
ta

tiv
e 

fo
la

te
 re

ce
pt

or
 o

ve
r-e

xp
re

ss
ed

 c
el

ls
, u

si
ng

 
m

ag
ne

tic
 re

so
na

nc
e 

(M
R

) i
m

ag
in

g.
 F

ol
at

e-
co

nj
ug

at
io

n 
to

 im
ag

in
g 

pr
ob

es
 h

as
 b

ee
n 

kn
ow

n 
to

 
ta

rg
et

 a
nd

 im
ag

e 
br

ea
st

 c
an

ce
r 

si
nc

e 
so

m
e 

of
 th

e 
br

ea
st

 c
an

ce
r 

ce
lls

 o
ve

r-e
xp

re
ss

 th
e 

fo
lia

te
 

re
ce

pt
or

s.
O

ur
 S

PI
O

N
(-

D
A

) ex
(-

M
U

A
-F

A
) 5

 w
as

 s
ol

ub
le

 in
 n

on
-p

ol
ar

 s
ol

ve
nt

s 
su

ch
 a

s 
he

xa
ne

, t
ol

ue
ne

, 
an

d 
ch

lo
ro

fo
rm

. T
he

 T
EM

 im
ag

e 
an

al
ys

is
 im

pl
ie

d 
th

at
 e

ac
h 

SP
IO

N
(-

D
A

) ex
(-

M
U

A
-F

A
) 5

 w
as

 
ag

gr
eg

at
io

n-
fr

ee
 w

ith
ou

t i
ts

 si
ze

 ch
an

ge
. T

he
 ce

llu
la

r t
es

ts
 w

ith
/w

ith
ou

t f
ol

ic
 ac

id
 an

d 
th

ei
r M

R
 

im
ag

in
g 

sh
ow

ed
 e

ffi
ci

en
t u

pt
ak

e 
of

 fu
nc

tio
na

l h
yd

ro
ph

ob
ic

 S
PI

O
N

(-
D

A
) ex

(-
M

U
A

-F
A

) 5
 to

 K
B

 
ce

lls
 a

nd
 a

bo
ut

 1
0%

 d
ec

re
as

e 
un

de
r t

he
 in

hi
bi

tio
n 

of
 e

xc
es

s f
ol

ic
 a

ci
d.

 

Fi
gu

re
 1

. S
ig

na
l d

ec
re

as
e 

of
 c

el
lu

la
r S

PI
O

N
(-

D
A

) ex
(-

M
U

A
-F

A
) 5

 in
 re

la
tiv

e 
C

N
R

 (%
), 

w
he

re
 

C
N

R
 (%

) =
 {

T2
*(

ce
ll 

al
on

e)
- T

2*
(c

el
lu

la
r S

PI
O

N
)}

 x
 1

00
/T

2*
(c

el
l a

lo
ne

). 
 

Sp
he

ric
al

 a
nd

 C
ub

ic
 H

ig
h 

M
ag

ne
tic

-M
om

en
t N

an
op

ar
tic

le
s a

s H
ig

hl
y 

Ef
fe

ct
iv

e 
M

R
I C

on
tra

st
 E

nh
an

ce
m

en
t A

ge
nt

 

Yu
n-

H
ao

 X
u1 , Y

in
g 

Ji
ng

1 , X
ia

o-
H

on
g 

Zh
u2 , W

ei
 C

he
n2 , T

im
ot

hy
 K

lin
e1 , J

ia
n-

Pi
ng

 W
an

g1

1 El
ec

tri
ca

l a
nd

 C
om

pu
te

r E
ng

in
ee

rin
g 

D
ep

ar
tm

en
t, 

U
ni

ve
rs

ity
 o

f M
in

ne
so

ta
 

2 R
ad

ia
ol

og
y 

D
ep

ar
tm

en
t 

an
d 

th
e 

C
en

te
r 

fo
r 

M
ag

ne
tic

 R
es

on
an

ce
 R

es
ea

rc
h,

 U
ni

ve
rs

ity
 o

f 
M

in
ne

so
ta

 

M
ag

ne
tic

 n
an

op
ar

tic
le

s 
ar

e 
pr

om
is

in
g 

ca
nd

id
at

es
 f

or
 m

ag
ne

tic
 r

es
on

an
ce

 i
m

ag
in

g 
(M

R
I)

 
co

nt
ra

st
 a

ge
nt

s. 
Su

pe
rp

ar
am

ag
ne

tic
 ir

on
 o

xi
de

 p
ar

tic
le

s 
ar

e 
w

el
l s

tu
di

ed
 a

nd
 e

xt
en

si
ve

ly
 u

se
d 

to
 

en
ha

nc
e 

im
ag

in
g 

co
nt

ra
st

. H
ow

ev
er

, t
he

 e
nh

an
ce

m
en

t s
til

l n
ee

ds
 im

pr
ov

em
en

t a
nd

 th
e 

do
sa

ge
 o

f 
th

e 
na

no
pa

rti
cl

es
 i

s 
ca

us
in

g 
co

nc
er

ns
. 

H
ig

h 
m

ag
ne

tic
 m

om
en

t 
Fe

C
o 

na
no

pa
rti

cl
es

 w
ith

 a
 

co
m

po
si

tio
n 

of
 7

0:
30

 w
er

e 
de

m
on

st
ra

te
d 

in
 th

is
 re

po
rt 

as
 a

 n
ew

 M
R

 a
ge

nt
 to

 fu
rth

er
 e

nh
an

ce
 th

e 
M

R
I c

on
tra

st
 a

nd
 to

 re
du

ce
 th

e 
do

sa
ge

 in
 fu

tu
re

 c
lin

ic
al

 d
ia

gn
os

is
. 

Fe
C

o 
na

no
pa

rti
cl

es
 w

er
e 

sy
nt

he
si

ze
d 

us
in

g 
a 

sp
ut

te
rin

g 
ga

s 
co

nd
en

sa
tio

n 
te

ch
ni

qu
e.

 N
ar

ro
w

 
si

ze
 d

is
tri

bu
tio

n 
of

 th
e 

na
no

pa
rti

cl
es

 is
 a

ch
ie

ve
d 

by
 s

ep
ar

at
in

g 
th

e 
nu

cl
ea

tio
n 

an
d 

gr
ow

th
 in

 b
ot

h 
tim

e 
an

d 
sp

ac
e 

du
rin

g 
th

e 
sy

nt
he

si
s. 

B
y 

in
tro

du
ci

ng
 a

 m
od

ifi
ca

tio
n 

of
 t

he
 m

ag
ne

tic
 f

ie
ld

 f
or

 
sp

ut
te

rin
g,

 p
re

ci
se

 c
on

tro
l 

of
 p

ar
tic

le
 m

or
ph

ol
og

y 
an

d 
ph

as
e 

w
as

 r
ea

liz
ed

. T
w

o 
di

ffe
re

nt
 F

eC
o 

na
no

pa
rti

cl
es

 w
er

e 
pr

ep
ar

ed
, o

ne
 w

ith
 d

om
in

an
tly

 c
ub

ic
 sh

ap
e 

(F
ig

. 1
a)

, t
he

 o
th

er
 w

ith
 d

om
in

an
tly

 
sp

he
ric

al
 s

ha
pe

 (
Fi

g.
 1

b)
. F

or
 f

ur
th

er
 b

io
-m

ed
ic

al
 s

tu
dy

, 
pa

rti
cl

es
 w

er
e 

di
re

ct
ly

 d
ep

os
ite

d 
on

to
 

gl
as

s 
su

bs
tra

te
s, 

w
hi

ch
 w

er
e 

pr
e-

co
at

ed
 w

ith
 p

ol
ye

th
el

en
e 

gl
yc

ol
 (

PE
G

). 
Th

e 
na

no
pa

rti
cl

es
 w

er
e 

th
en

 tr
an

sf
er

re
d 

in
to

 w
at

er
. 

 
B

ot
h 

th
e 

cu
bi

c 
an

d 
sp

he
ric

al
 n

an
op

ar
tic

le
s 

w
er

e 
te

st
ed

 u
nd

er
 a

 9
.4

 T
es

la
 m

ag
ne

tic
 f

ie
ld

. T
he

 
re

la
xi

vi
ty

 o
f 

th
e 

ag
en

ts
 r

ef
le

ct
s 

th
ei

r 
in

te
ra

ct
io

n 
w

ith
 s

ur
ro

un
di

ng
 p

ro
to

ns
 a

nd
 th

ei
r 

de
te

ct
ab

ili
ty

. 
Pr

el
im

in
ar

y 
te

st
 s

ho
w

ed
 th

at
 th

e 
ra

te
 o

f 
½R

2*
 c

ha
ng

e 
w

ith
 r

es
pe

ct
 to

 c
on

ce
nt

ra
tio

n 
of

 th
e 

Fe
C

o 
na

no
pa

rti
cl

es
 w

as
 a

bo
ut

 tw
o 

tim
es

 h
ig

he
r t

ha
n 

th
at

 o
f t

he
 c

om
m

er
ci

al
 m

on
oc

ry
st

al
lin

e 
iro

n 
ox

id
e 

(M
IO

N
) 

pa
rti

cl
es

. 
Th

e 
ef

fe
ct

 o
f 

th
e 

sh
ap

e 
of

 t
he

 m
ag

ne
tic

 n
an

op
ar

tic
le

s 
on

 M
R

I 
co

nt
ra

st
 

en
ha

nc
em

en
t w

as
 s

tu
di

ed
. T

he
se

 r
es

ul
ts

 in
di

ca
te

 th
at

 w
ith

 lo
w

 c
on

ce
nt

ra
tio

n 
Fe

C
o 

na
no

pa
rti

cl
es

 
ar

e 
ab

le
 to

 p
ro

vi
de

 s
uf

fic
ie

nt
 c

on
tra

st
 e

nh
an

ce
m

en
t. 

It 
op

en
s 

th
e 

po
ss

ib
ili

ty
 o

f 
lo

w
er

in
g 

ov
er

al
l 

do
sa

ge
, t

ar
ge

tin
g 

an
d 

im
ag

in
g 

sp
ec

ifi
c 

si
te

 w
ith

ou
t u

nd
es

ire
d 

hi
gh

 c
on

ce
nt

ra
tio

n.
  

  
  

  
  

 F
ig

ur
e 

1.
 T

EM
 b

rig
ht

 fi
el

d 
im

ag
es

 o
f (

a)
 F

eC
o 

cu
bi

c 
pa

rti
cl

es
 (b

) F
eC

o 
sp

he
ric

al
 p

ar
tic

le
s 

#
9

6
#

9
5



T
he

 S
Q

U
ID

 W
in

do
w

 

N
at

al
ie

 L
. A

do
lp

hi
,1   D

al
e 

L
. H

ub
er

,2  H
ow

ar
d 

C
. B

ry
an

t,1  T
ra

ce
 T

es
sie

r,
1  T

od
d 

C
. M

on
so

n,
2  D

an
ie

lle
 

Fe
ga

n,
1  E

ug
en

e 
L

. V
en

tu
ri

ni
,2  E

dw
ar

d 
R

. F
ly

nn
1

(1 Se
ni

or
 S

ci
en

tif
ic

 L
LC

, 1
11

09
 C

ou
nt

ry
 C

lu
b 

D
riv

e 
N

E,
 

A
lb

uq
ue

rq
ue

, N
ew

 M
ex

ic
o 

87
11

1,
 U

SA
,  

e-
m

ai
l: 

se
ni

or
sc

i@
nm

ia
.c

om
; 2 Sa

nd
ia

 N
at

io
na

l L
ab

or
at

or
ie

s C
en

te
r f

or
 

In
te

gr
at

iv
e 

N
an

oT
ec

hn
ol

og
ie

s, 
A

lb
uq

ue
rq

ue
, N

ew
 M

ex
ic

o 
87

18
5,

 U
SA

) 

Th
e 

us
e 

of
 S

Q
U

ID
 (S

up
er

co
nd

uc
tin

g 
Q

ua
nt

um
 In

te
rf

er
en

ce
 D

ev
ic

e)
 a

rr
ay

 to
 lo

ca
liz

e 
ob

je
ct

s o
f c

lin
ic

al
 

in
te

re
st

 (e
.g

. c
an

ce
r c

el
ls,

 T
 c

el
ls,

 a
m

yl
oi

d 
pl

aq
ue

s)
 la

be
le

d 
w

ith
 m

ag
ne

tic
 n

an
op

ar
tic

le
s h

as
 p

ro
ve

n 
ve

ry
 

pr
om

isi
ng

.  
Th

e 
se

ns
iti

vi
ty

 o
f t

hi
s t

ec
hn

iq
ue

 d
ep

en
ds

 b
ot

h 
on

 th
e 

SQ
U

ID
s t

he
m

se
lv

es
 a

nd
, c

rit
ic

al
ly

, o
n 

th
e 

pr
op

er
tie

s o
f t

he
 m

ag
ne

tic
 n

an
op

ar
tic

le
s. 

O
ur

 d
et

ec
tio

n 
m

et
ho

d 
co

ns
ist

s o
f b

rie
fly

 m
ag

ne
tiz

in
g 

th
e 

na
no

pa
rti

cl
e 

m
om

en
ts

 u
sin

g 
a 

pu
lse

d 
m

ag
ne

tic
 

fie
ld

, f
ol

lo
w

ed
 b

y 
de

te
ct

io
n 

of
 th

e 
de

ca
yi

ng
 re

m
an

en
ce

 m
ag

ne
tiz

at
io

n 
in

 z
er

o 
fie

ld
.  

H
ow

ev
er

, w
e 

de
te

ct
 o

nl
y 

th
os

e 
m

om
en

ts
 th

at
 d

ec
ay

 w
ith

 a
 re

la
xa

tio
n 

tim
e 

co
ns

ta
nt

 c
om

pa
ra

bl
e 

to
 th

e 
“S

Q
U

ID
 w

in
do

w
” 

(m
ea

su
re

m
en

t t
im

es
ca

le
 =

 5
0 

m
s t

o 
~2

 s)
.  

Th
e 

N
ée

l r
el

ax
at

io
n 

tim
e 

co
ns

ta
nt

 (i
n 

ze
ro

-fi
el

d)
 is

 g
iv

en
 b

y 
= 

ex
p(

K
V

/k
T)

, w
he

re
 

 is
 a

pp
ro

xi
m

at
el

y 
1 

ns
, K

 is
 th

e 
an

iso
tro

py
 e

ne
rg

y 
de

ns
ity

 o
f t

he
 m

ag
ne

tic
 m

at
er

ia
l, 

an
d 

V
 is

 th
e 

vo
lu

m
e 

of
 th

e 
m

ag
ne

tic
 p

ar
tic

le
.  

Th
is 

se
ns

iti
ve

 d
ep

en
de

nc
e 

of
 th

is 
tim

e 
co

ns
ta

nt
 o

n 
pa

rti
cl

e 
vo

lu
m

e 
im

pl
ie

s t
ha

t h
ig

hl
y 

m
on

o-
di

sp
er

se
 p

ar
tic

le
s w

ill
 b

e 
re

qu
ire

d 
to

 m
ax

im
iz

e 
th

e 
de

te
ct

io
n 

se
ns

iti
vi

ty
 o

f 
ou

r t
ec

hn
iq

ue
. 

W
e 

ha
ve

 c
ha

ra
ct

er
iz

ed
 th

e 
re

la
xa

tio
n 

an
d 

ot
he

r p
ro

pe
rti

es
 o

f s
om

e 
co

m
m

er
ci

al
ly

-a
va

ila
bl

e 
iro

n 
ox

id
e 

na
no

pa
rti

cl
es

 (C
he

m
ic

el
l S

iM
A

G
-T

C
L 

an
d 

O
ce

an
 N

an
ot

ec
h 

SH
P)

, u
sin

g 
ou

r 
SQ

U
ID

 a
rr

ay
 a

nd
 st

an
da

rd
 su

sc
ep

to
m

et
ry

 
(w

hi
ch

 h
as

 a
 m

ea
su

re
m

en
t t

im
es

ca
le

 
ra

ng
in

g 
fr

om
 0

.0
01

 - 
10

0 
s)

.  
Th

e 
fig

ur
e 

sh
ow

s t
he

 d
iff

er
en

ce
 b

et
w

ee
n 

th
e 

ex
ci

ta
tio

n 
cu

rv
e 

(M
 v

s. 
B)

 m
ea

su
re

d 
by

 
st

an
da

rd
 su

sc
ep

to
m

et
ry

 (r
ed

 sy
m

bo
ls)

 a
nd

 
th

e 
SQ

U
ID

 a
rr

ay
 (g

re
en

, b
la

ck
 sy

m
bo

ls)
, 

du
e 

to
 th

e 
di

ffe
re

nc
e 

in
 th

e 
m

ea
su

re
m

en
t 

tim
es

ca
le

s. 
 In

 g
en

er
al

, o
ur

 re
su

lts
 

de
m

on
st

ra
te

 th
at

 e
xi

st
in

g 
na

no
pa

rti
cl

es
 

(e
ve

n 
th

os
e 

ex
hi

bi
tin

g 
re

la
tiv

el
y 

lo
w

 
po

ly
di

sp
er

sit
y)

 e
xh

ib
it 

a 
ra

ng
e 

of
 ti

m
e 

co
ns

ta
nt

s m
uc

h 
w

id
er

 th
an

 th
e 

SQ
U

ID
 

w
in

do
w

, i
m

pl
yi

ng
 th

at
 w

e 
cu

rr
en

tly
 d

et
ec

t 
on

ly
 a

 sm
al

l f
ra

ct
io

n 
of

 th
e 

m
ag

ne
tic

 
m

at
er

ia
l. 

A
dd

iti
on

al
ly

, w
e 

co
ns

id
er

 su
bt

le
 

ef
fe

ct
s d

ue
 to

 th
e 

de
ta

ils
 o

f t
he

 d
ist

rib
ut

io
n 

of
 p

ar
tic

le
 re

la
xa

tio
n 

tim
es

, t
he

 in
cl

us
io

n 
of

 a
ni

so
tro

pi
es

, a
nd

/o
r t

he
 e

xi
st

en
ce

 o
f 

m
ul

tip
le

-d
om

ai
ns

.  
Fo

r e
xa

m
pl

e,
 in

 th
e 

fig
ur

e,
 th

e 
su

sc
ep

to
m

et
er

 re
su

lts
 (r

ed
 

sy
m

bo
ls)

 w
er

e 
fit

 u
sin

g 
a 

tw
o-

do
m

ai
n 

m
od

ifi
ca

tio
n 

of
 th

e 
La

ng
ev

in
 fu

nc
tio

n 
(s

ol
id

 b
lu

e 
lin

e)
. 

0
20

40
60

80
0

0.
01

0.
02

0.
03

0.
04

0.
05

0.
06

B 
in

 G
au

ss

magnetic moment in emu (mJ/T)

Ob
se

rv
ed

 m
ag

ne
tic

 m
om

en
t v

s 
B

tw
o 

do
m

ai
n 

m
od

el
CI

NT
 d

at
a

SQ
UI

D 
0.

3 
se

c
SQ

UI
D 

0.
75

 s
ec

O
ce

an
 N

an
ot

ec
h 

SH
P-

30
 n

an
op

ar
tic

le
s c

ha
ra

ct
er

iz
ed

 b
y 

a 
SQ

U
ID

 a
rr

ay
 (u

sin
g 

pu
lse

d 
fie

ld
 d

ur
at

io
ns

 o
f 0

.3
 s 

an
d 

0.
75

 s)
 a

nd
 st

an
da

rd
 su

sc
ep

to
m

et
ry

 (r
ed

 sy
m

bo
ls)

.  
Th

e 
SQ

U
ID

 a
rr

ay
 d

at
a 

w
er

e 
m

ul
tip

lie
d 

by
 1

00
 to

 e
na

bl
e 

co
m

pa
ri

so
n 

of
 th

e 
sh

ap
es

 o
f t

he
 e

xc
ita

tio
n 

cu
rv

es
. 

Se
ni

or
 S

ci
en

tif
ic

, L
LC

,a
ck

no
w

le
dg

es
th

e 
su

pp
or

t o
f t

he
 N

at
io

na
l I

ns
tit

ut
es

 o
f H

ea
lth

.  
Th

is
 w

or
k 

w
as

 p
er

fo
rm

ed
, 

in
 p

ar
t, 

at
 th

e 
C

en
te

r f
or

 In
te

gr
at

ed
 N

an
ot

ec
hn

ol
og

ie
s, 

a 
U

.S
. D

ep
ar

tm
en

t o
f E

ne
rg

y,
 O

ffi
ce

 o
f B

as
ic

 E
ne

rg
y 

Sc
ie

nc
es

 u
se

r f
ac

ili
ty

.  
Sa

nd
ia

 N
at

io
na

l L
ab

or
at

or
ie

s i
s a

 m
ul

ti-
pr

og
ra

m
 la

bo
ra

to
ry

 o
pe

ra
te

d 
by

 S
an

di
a 

C
or

po
ra

tio
n,

 a
 L

oc
kh

ee
d-

M
ar

tin
 C

om
pa

ny
, f

or
 th

e 
U

. S
. D

ep
ar

tm
en

t o
f E

ne
rg

y 
un

de
r C

on
tra

ct
 N

o.
 D

E-
A

C
04

-
94

A
L8

50
00

.

A
bo

ut
 a

pp
lic

at
io

n 
of

 a
 m

ag
ne

tic
 fl

ui
d 

fo
r 

a 
se

di
m

en
ta

tio
n 

an
al

ys
is

 
of

 th
e 

si
ze

 o
f p

ar
tic

le
s 

Y
u.

 I.
 D

ik
an

sk
y,

 A
. R

. Z
ak

in
ya

n,
 M

. A
. B

ed
ga

ni
an

 

D
ep

ar
tm

en
t o

f p
hy

si
cs

, S
ta

vr
op

ol
 S

ta
te

 U
ni

ve
rs

ity
, S

ta
vr

op
ol

, R
us

si
a 

E-
m

ai
l: 

di
ka

ns
ky

@
m

ai
l.r

u 

A
 s

ed
im

en
ta

tio
n 

an
al

ys
is

 is
 o

fte
n 

ap
pl

ie
d 

fo
r 

th
e 

m
ic

ro
pa

rti
cl

e 
si

ze
 m

ea
su

re
m

en
t. 

In
 th

is
 

pa
pe

r, 
w

e 
re

po
rt 

th
e 

im
pr

ov
ed

 m
et

ho
d 

of
 s

ed
im

en
ta

tio
n 

an
al

ys
is

 o
f 

th
e 

de
gr

ee
 o

f 
di

sp
er

si
on

 
an

d 
si

ze
s o

f m
ic

ro
pa

rti
cl

es
. 

Th
e 

ba
si

c 
di

ff
er

en
ce

 o
f 

th
is

 m
et

ho
d 

is
 u

se
 o

f 
a 

m
ag

ne
tic

 f
lu

id
 (

ul
tra

 d
is

pe
rs

e 
co

llo
id

 o
f 

fe
rr

om
ag

ne
tic

s)
 a

s 
m

ed
iu

m
, i

n 
w

hi
ch

 th
e 

m
ot

io
n 

(s
ed

im
en

ta
tio

n)
 o

f 
pa

rti
cl

es
 is

 e
xp

lo
re

d.
 I

t 
al

lo
w

s 
st

ud
yi

ng
 fe

at
ur

es
 o

f a
 m

ot
io

n 
of

 n
on

-m
ag

ne
tic

 b
od

ie
s 

in
 s

uc
h 

m
ed

iu
m

s 
by

 m
ea

su
rin

g 
th

e 
ch

an
ge

 o
f m

ag
ne

tic
 p

ro
pe

rti
es

 in
 d

iff
er

en
t p

oi
nt

s o
f m

ed
iu

m
. 

Fo
r t

hi
s 

pu
rp

os
e 

th
e 

ex
pl

or
ed

 p
ow

de
ry

 s
ub

st
an

ce
s 

go
t i

nt
o 

th
e 

tu
be

 w
ith

 a
 m

ag
ne

tic
 fl

ui
d.

 
O

n 
th

e 
tu

be
 th

e 
in

du
ct

an
ce

 c
oi

l o
f s

m
al

l l
en

gt
h 

w
as

 lo
ca

te
d.

 T
he

n 
th

e 
ch

an
ge

 o
f i

nd
uc

ta
nc

e 
of

 
th

e 
co

il 
ca

us
ed

 b
y 

th
e 

se
di

m
en

ta
tio

n 
of

 d
is

pe
rs

e 
pa

rti
cl

es
 w

as
 m

ea
su

re
d.

 T
he

 s
ed

im
en

ta
tio

n 
cu

rv
e

L(
t) 

is
 c

on
st

ru
ct

ed
 b

y 
re

su
lts

 o
f m

ea
su

rin
g.

 

A
na

ly
zi

ng
 th

e 
se

di
m

en
ta

tio
n 

cu
rv

e,
 w

e 
ca

n 
fin

d 
a 

sh
ar

e 
of

 p
ar

tic
le

s 
of

 s
om

e 
fr

ac
tio

n 
fr

om
 

to
ta

l n
um

be
r o

f p
ar

tic
le

s i
n 

a 
sa

m
pl

e:
 

�
�

�
�

3
3

i

i

i

i
i

rL

rL
NN

,  
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 (1

) 

w
he

re
 is

 th
e 

ra
di

us
 o

f p
ar

tic
le

s 
of

 s
om

e 
fr

ac
tio

n;
 

ir
iL�
 is

 th
e 

ch
an

ge
 o

f i
nd

uc
ta

nc
e,

 h
ap

pe
n-

in
g 

w
he

n 
pa

rti
cl

es
 o

f t
hi

s 
fr

ac
tio

n 
re

ac
h 

th
e 

pl
ac

e 
of

 th
e 

tu
be

 w
ith

 a
 m

ag
ne

tic
 fl

ui
d,

 w
he

re
 th

e 
m

ea
su

rin
g 

co
il 

is
 lo

ca
te

d.
 T

he
 v

al
ue

 o
f 

 is
 g

iv
en

 b
y 

th
e 

fo
llo

w
in

g 
eq

ua
tio

n 
(S

to
ke

’s
 e

qu
a-

tio
n)

: 
ir

�
�

2
1

2
9

�
�

�
�

�
i

i
gt

h
r

,  
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  (

2)
 

w
he

re
 is

 th
e 

de
ns

ity
 o

f t
he

 p
ar

tic
le

 a
nd

 th
e 

m
ed

iu
m

; g
 is

 th
e 

ac
ce

le
ra

tio
n 

of
 g

ra
vi

ty
; 

2
1,�

�
 is

 
th

e 
dy

na
m

ic
 v

is
co

si
ty

 o
f t

he
 m

ed
iu

m
 (m

ag
ne

tic
 fl

ui
d)

; 
 is

 th
e 

tim
e 

of
 th

e 
pa

rti
cl

e 
m

ot
io

n;
 h

is
 th

e 
tra

ve
rs

ed
 p

at
h.

 T
hu

s, 
m

ea
su

rin
g 

th
e 

ch
an

ge
 o

f i
nd

uc
ta

nc
e 

of
 th

e 
co

il 
an

d 
th

e 
tim

e 
re

le
-

va
nt

 t
o 

th
is

 c
ha

ng
e 

an
d 

us
-

in
g 

(1
) 

an
d 

(2
), 

th
e 

pa
rti

cl
e 

si
ze

 d
is

tri
bu

tio
n 

cu
rv

e 
m

ay
 

be
 o

bt
ai

ne
d.

 

it

A
s 

an
 e

xa
m

pl
e,

 t
he

 s
ed

i-
m

en
ta

tio
n 

cu
rv

es
, 

m
ea

su
re

d 
fo

r 
pa

rti
cl

es
 o

f 
a 

di
am

on
d 

po
w

de
r (

cu
rv

e 
1)

 a
nd

 a
 s

an
d 

(c
ur

ve
 2

), 
ar

e 
sh

ow
n 

in
 F

ig
. 

1a
. 

Th
e 

pa
rti

cl
e 

si
ze

 d
is

tri
-

bu
tio

n 
cu

rv
es

, 
de

te
rm

in
ed

 
us

in
g 

th
is

 d
at

a,
 a

re
 s

ho
w

n 
in

 
Fi

g.
 1

b.

Fi
g.

 1
.

Th
e 

au
th

or
s 

ha
ve

 t
ak

en
 

ou
t 

a 
pa

te
nt

 f
or

 t
hi

s 
in

ve
n-

tio
n.

#
9

8
#

9
7



L
at

tic
e 

sp
ac

in
g 

co
nt

ro
l i

n 
th

e 
tr

ia
ng

le
 la

tt
ic

e 
of

 fe
eb

le
 m

ag
ne

tic
 m

at
er

ia
ls

 
fo

rm
ed

 b
y 

in
te

ra
ct

io
ns

 a
m

on
g 

th
e 

in
du

ce
d 

m
ag

ne
tic

 d
ip

ol
es

 

N
. H

iro
ta

1*
, R

. T
an

ak
a2 , T

. A
nd

o2 , H
. W

ad
a2 , Y

. S
ak

ka
1

1 In
te

rn
at

io
na

l C
en

te
r f

or
 M

at
er

ia
ls

 N
an

oa
rc

hi
te

ch
to

ni
cs

, N
at

io
na

l I
ns

tit
ut

e 
fo

r M
at

er
ia

ls
 

Sc
ie

nc
e,

 T
su

ku
ba

, J
ap

an
, 2  D

ep
ar

tm
en

t o
f A

dv
an

ce
d 

M
at

er
ia

ls
 S

ci
en

ce
, T

he
 U

ni
ve

rs
ity

 o
f 

To
ky

o,
 K

as
hi

w
a,

 Ja
pa

n,
 *

E-
M

ai
l: 

H
IR

O
TA

.N
or

iy
uk

i@
ni

m
s.g

o.
jp

  
 R

ec
en

tly
, 

th
e 

ut
ili

za
tio

n 
of

 h
ig

h 
m

ag
ne

tic
 f

ie
ld

s 
in

 e
xc

es
s 

of
 s

ev
er

al
 T

es
la

s 
ha

s 
at

tra
ct

ed
 m

uc
h 

at
te

nt
io

n 
as

 a
 n

ov
el

 m
et

ho
d 

to
 c

on
tro

l m
at

er
ia

ls
 p

ro
ce

ss
in

g.
 T

hi
s 

is
 b

ec
au

se
 th

at
 a

 m
ag

ne
tic

 fi
el

d 
ha

s 
a 

m
ec

ha
ni

ca
l e

ffe
ct

 o
n 

m
at

er
ia

ls
 w

ith
ou

t a
ny

 d
ire

ct
 c

on
ta

ct
 w

ith
 th

e 
m

at
te

r; 
in

 a
dd

iti
on

, m
ag

ne
tic

 f
ie

ld
 

co
nt

ro
l i

s 
ap

pl
ic

ab
le

 to
 a

 w
id

e 
ra

ng
e 

of
 m

at
er

ia
ls

 b
ec

au
se

 m
ag

ne
tis

m
 

is
 a

 p
ro

pe
rty

 s
ha

re
d 

by
 a

ll 
m

at
er

ia
ls

. 
It 

w
as

 r
ep

or
te

d 
th

at
 f

ee
bl

e 
m

ag
ne

tic
 p

ar
tic

le
s 

fo
rm

 a
 tr

ia
ng

ul
ar

 la
tti

ce
 w

ith
 s

om
e 

sp
ac

in
g 

un
de

r 
hi

gh
 

m
ag

ne
tic

 
fie

ld
s1)

 
as

 
sh

ow
n 

in
 

Fi
g.

 
1 

by
 

ar
ra

ng
in

g 
so

m
e 

co
nd

iti
on

s 
pr

op
er

ly
. 

Th
e 

ad
va

nt
ag

e 
of

 t
hi

s 
ph

ys
ic

al
 p

he
no

m
en

on
 i

s 
th

at
 it

 c
an

 c
on

tro
l a

 la
tti

ce
 s

tru
ct

ur
e 

fo
rm

ed
 b

y 
pa

rti
cl

es
 w

ith
 d

ia
m

et
er

 
ra

ng
in

g 
fr

om
 1

0 
to

 s
ev

er
al

 h
un

dr
ed

s 
m

ic
ro

m
et

er
s. 

C
on

tro
l 

of
 t

he
 

st
ru

ct
ur

e 
of

 t
hi

s 
ra

ng
e 

of
 p

ar
tic

le
s 

is
 d

iff
ic

ul
t 

by
 o

th
er

 m
et

ho
ds

. 
Th

er
ef

or
e,

 th
is

 te
ch

ni
qu

e 
se

em
s p

ro
m

is
in

g.
 

  
In

 th
is

 s
tu

dy
, t

he
 w

ay
 to

 c
on

tro
l t

he
 la

tti
ce

 s
pa

ci
ng

 in
 a

 tr
ia

ng
ul

ar
 

la
tti

ce
 o

f 
fe

eb
le

 m
ag

ne
tic

 m
at

er
ia

ls
 w

as
 e

xa
m

in
ed

. 
Th

e 
tri

an
gu

la
r 

la
tti

ce
 is

 fo
rm

ed
 b

y 
th

e 
ba

la
nc

e 
be

tw
ee

n 
th

e 
m

ag
ne

tic
 fo

rc
e 

th
at

 
is

 
ca

us
ed

 
by

 
th

e 
ap

pl
ie

d 
m

ag
ne

tic
 

fie
ld

 
an

d 
w

or
ks

 
as

 
a 

ce
nt

rip
et

al
 fo

rc
e,

 a
nd

 th
e 

in
du

ce
d 

m
ag

ne
tic

 d
ip

ol
e 

in
te

ra
ct

io
n 

as
 

a 
re

pu
ls

iv
e 

fo
rc

e.
 I

t 
is

 e
xp

ec
te

d 
th

at
 t

he
 d

is
ta

nc
e 

be
tw

ee
n 

pa
rti

cl
es

 c
an

 b
e 

co
nt

ro
lle

d 
by

 c
ha

ng
in

g 
so

m
e 

ex
pe

rim
en

ta
l 

co
nd

iti
on

s 
su

ch
 a

s 
th

e 
pr

od
uc

t o
f 

th
e 

vo
lu

m
e 

an
d 

th
e 

m
ag

ne
tic

 
su

sc
ep

tib
ili

ty
 o

f p
ar

tic
le

s, 
�


V,
 th

e 
m

ag
ne

tic
 su

sc
ep

tib
ili

ty
 o

f t
he

 
su

rr
ou

nd
in

g 
m

ed
iu

m
 (t

he
 c

on
ce

nt
ra

tio
n 

of
 th

e 
so

lu
tio

n)
, a

nd
 th

e 
in

te
ns

ity
 o

f 
ap

pl
ie

d 
m

ag
ne

tic
 f

ie
ld

s. 
In

 t
hi

s 
st

ud
y,

 t
he

se
 t

hr
ee

 
pa

ra
m

et
er

s 
w

er
e 

ev
al

ua
te

d 
th

ro
ug

h 
ex

pe
rim

en
ts

 a
nd

 n
um

er
ic

al
 

si
m

ul
at

io
ns

 a
s a

 w
ay

 to
 c

on
tro

l t
he

 la
tti

ce
 sp

ac
in

g 
In

 t
he

 e
xp

er
im

en
ts

, 
di

am
ag

ne
tic

 p
ar

tic
le

s, 
su

ch
 a

s 
gl

as
s, 

br
on

ze
, a

nd
 g

ol
d,

 w
er

e 
us

ed
. A

 m
an

ga
ne

se
 d

ic
hl

or
id

e 
aq

ue
ou

s 
so

lu
tio

n 
w

as
 s

el
ec

te
d 

as
 a

 s
ur

ro
nd

in
g 

m
ed

iu
m

 to
 e

nh
an

ce
 th

e 
di

po
le

 in
te

ra
ct

io
n.

 T
he

 e
xp

er
im

en
ts

 w
er

e 
pe

rf
or

m
ed

 in
 a

 q
ua

si
-tw

o-
di

m
en

si
on

al
 

cl
os

ed
 v

es
se

l t
o 

av
oi

d 
th

e 
ef

fe
ct

 o
f t

he
 a

ir-
liq

ui
d 

in
te

rf
ac

e,
 s

uc
h 

as
 th

e 
su

rf
ac

e 
te

ns
io

n.
 T

he
 p

ar
am

et
er

s 
us

ed
 i

n 
th

e 
nu

m
er

ic
al

 s
im

ul
at

io
n 

w
er

e 
se

t 
to

 b
e 

th
e 

sa
m

e 
as

 t
he

 e
xp

er
im

en
ta

l 
co

nd
iti

on
s. 

Fi
gu

re
 2

 
sh

ow
s 

th
e 

re
su

lts
 o

f t
he

 la
tti

ce
 s

pa
ci

ng
 o

bt
ai

ne
d 

w
ith

 c
ha

ng
in

g 
�


V.
 T

he
 h

or
iz

on
ta

l a
xi

s 
re

pr
es

en
ts

 th
e 

ab
so

lu
te

 v
al

ue
 o

f 
�


V,
 a

nd
 t

he
 v

er
tic

al
 a

xi
s 

is
 t

he
 l

at
tic

e 
sp

ac
in

g 
no

rm
al

iz
ed

 b
y 

th
e 

di
am

et
er

 o
f 

pa
rti

cl
es

. I
t w

as
 c

on
fir

m
ed

 b
y 

bo
th

 re
su

lts
 o

f t
he

 e
xp

er
im

en
t a

nd
 th

e 
si

m
ul

at
io

n 
th

at
 th

e 
la

tti
ce

 s
pa

ci
ng

 
co

ul
d 

be
 c

on
tro

lle
d 

by
 c

ha
ng

in
g 
�


V.
 F

ur
th

er
m

or
e,

 it
 w

as
 a

ls
o 

co
nf

irm
ed

 th
at

 th
e 

la
tti

ce
 s

pa
ci

ng
 c

ou
ld

 
be

 c
on

tro
lle

d 
by

 a
no

th
er

 p
ar

am
et

er
s. 

D
et

ai
ls

 a
re

 re
po

rte
d 

in
 th

is
 p

re
se

nt
at

io
n.

 

R
ef

er
en

ce
: 1

) T
. T

ak
ay

am
a 

et
 a

l.,
 M

at
er

ia
ls

 T
ra

ns
ac

tio
ns

44
 (2

00
3)

 2
56

3-
25

66
.

Fi
g.

 2
 C

on
tro

l o
f 

la
tti

ce
 s

pa
ci

ng
 b

y 
ch

an
gi

ng
 

th
e 

vo
lu

m
e 

an
d 

th
e 

m
ag

ne
tic

 su
sc

ep
tib

ili
ty

 o
f p

ar
tic

le
s.

|�



V|
ˇ
·1

06
[m

m
3 ]

rave/ dave[-]

1
5

10
50

10
0

50
0

123456
 E

xp
er

im
en

ts
 S

im
ul

at
io

ns

|�



V|
ˇ
·1

06
[m

m
3 ]

rave/ dave[-]

1
5

10
50

10
0

50
0

123456
 E

xp
er

im
en

ts
 S

im
ul

at
io

ns

Fi
g.

 
1 

Tr
ia

ng
ul

ar
 

la
tti

ce
 

st
ru

ct
ur

e 
of

 g
ol

d 
pa

rti
cl

es
 (

1 
m

m
 i

n 
di

am
et

er
) 

fo
rm

ed
 b

y 
in

du
ce

d 
m

ag
ne

tic
 

di
po

le
 

in
te

ra
ct

io
ns

. 

4.
9 

T

B4.
9 

T

BB

0481216

50
10

0
15

0
20

0
25

0
30

0

nimi
2
 (arb. unit)

d hi
 (n

m
)

(b
)

0459013
5

18
0

10
2

10
3


' (arb. unit)

f (
H

z)
(a

)

N
p=0

1.
75

x1
04

3.
5x

10
4

po
ly

m
er

B
ou

nd
 m

ar
ke

rs

Fr
ee

 m
ar

ke
rs

(a
)

(b
)

(c
)

A
C

 S
us

ce
pt

ib
ili

ty
 o

f M
ag

ne
tic

 M
ar

ke
rs

 in
 S

us
pe

ns
io

n 
 

fo
r 

Li
qu

id
 P

ha
se

 Im
m

un
oa

ss
ay

 

K
ei

ji 
E

np
uk

u*
, T

su
yo

sh
i T

an
ak

a,
 Y

uy
a 

Ta
m

ai
 

R
es

ea
rc

h 
In

st
itu

te
 o

f S
up

er
co

nd
uc

to
r S

ci
en

ce
 a

nd
 S

ys
te

m
s, 

K
yu

sh
u 

U
ni

ve
rs

ity
, 

 
Fu

ku
ok

a 
81

9-
03

95
, J

ap
an

. 
 *

E-
M

ai
l :

 e
np

uk
u@

sc
.k

yu
sh

u-
u.

ac
.jp

 

R
ec

en
tly

, 
m

ag
ne

tic
 i

m
m

un
oa

ss
ay

s 
ut

ili
zi

ng
 m

ag
ne

tic
 m

ar
ke

rs
 h

av
e 

be
en

 d
ev

el
op

ed
 t

o 
de

te
ct

 
bi

ol
og

ic
al

 ta
rg

et
s. 

O
ne

 o
f t

he
 m

er
its

 o
f t

he
 m

ag
ne

tic
 m

et
ho

d 
is

 th
at

 w
e 

ca
n 

pe
rf

or
m

 im
m

un
oa

ss
ay

 in
 th

e 
liq

ui
d 

ph
as

e,
 i.

e.
, w

e 
ca

n 
di

st
in

gu
is

h 
bo

un
d 

m
ar

ke
rs

 fr
om

 u
nb

ou
nd

 (f
re

e)
 o

ne
s 

w
ith

ou
t u

si
ng

 th
e 

so
-c

al
le

d 
bo

un
d/

fr
ee

 (
B

F)
 s

ep
ar

at
io

n 
pr

oc
es

s. 
Th

is
 f

un
ct

io
n 

ca
n 

be
 r

ea
liz

ed
 b

y 
us

in
g 

B
ro

w
ni

an
 r

ot
at

io
n 

of
 t

he
 

m
ag

ne
tic

 m
ar

ke
rs

 in
 a

 so
lu

tio
n.

 
In

 o
rd

er
 t

o 
de

ve
lo

p 
th

e 
liq

ui
d 

ph
as

e 
im

m
un

oa
ss

ay
, 

w
e 

st
ud

ie
d 

ac
 s

us
ce

pt
ib

ili
ty

 o
f 

th
e 

m
ag

ne
tic

 
m

ar
ke

rs
 in

 a
 s

ol
ut

io
n.

 D
is

tri
bu

tio
n 

of
 th

e 
m

ar
ke

r s
iz

e 
an

d 
th

e 
de

gr
ee

 o
f a

gg
re

ga
tio

n 
of

 th
e 

m
ar

ke
rs

 w
er

e 
es

tim
at

ed
 fr

om
 th

e 
ac

 s
us

ce
pt

ib
ili

ty
. F

or
 th

is
 p

ur
po

se
, e

xp
er

im
en

ta
l r

es
ul

t o
n 

th
e 

fr
eq

ue
nc

y 
de

pe
nd

en
ce

 o
f 

th
e 

su
sc

ep
tib

ili
ty

 w
as

 a
na

ly
ze

d 
w

ith
 t

he
 s

o-
ca

lle
d 

si
ng

ul
ar

 v
al

ue
 d

ec
om

po
si

tio
n 

(S
V

D
) 

m
et

ho
d.

 T
he

 
es

tim
at

ed
 s

iz
e 

di
st

rib
ut

io
n 

w
as

 a
ls

o 
co

m
pa

re
d 

w
ith

 t
ha

t 
ob

ta
in

ed
 f

ro
m

 d
yn

am
ic

 l
ig

ht
 s

ca
tte

rin
g 

(D
LS

) 
m

ea
su

re
m

en
t. 

A
s 

an
 e

xa
m

pl
e 

of
 th

e 
liq

ui
d 

ph
as

e 
im

m
un

oa
ss

ay
, w

e 
sh

ow
 th

e 
de

te
ct

io
n 

of
 b

io
tin

-la
be

le
d 

po
ly

m
er

 
be

ad
s 

in
 s

us
pe

ns
io

n.
 I

n 
th

is
 e

xp
er

im
en

t, 
av

id
in

-c
oa

te
d 

m
ag

ne
tic

 p
ar

tic
le

s 
w

er
e 

us
ed

 a
s 

m
ar

ke
rs

, 
as

 
sc

he
m

at
ic

al
ly

 s
ho

w
n 

in
 F

ig
.1

(a
). 

Th
e 

bi
nd

in
g 

re
ac

tio
n 

be
tw

ee
n 

av
id

in
 a

nd
 b

io
tin

 c
an

 b
e 

de
te

ct
ed

 w
ith

 th
e 

ch
an

ge
 o

f 
th

e 
su

sc
ep

tib
ili

ty
. A

s 
sh

ow
n 

in
 F

ig
. 1

(b
), 

re
al

 p
ar

t o
f 

th
e 

su
sc

ep
tib

ili
ty

 

’ d

ec
re

as
ed

 w
ith

 th
e 

in
cr

ea
se

 o
f t

he
 n

um
be

r N
p o

f t
he

 p
ol

ym
er

 b
ea

ds
. T

he
 s

iz
e 

di
st

rib
ut

io
n 

es
tim

at
ed

 fr
om

 th
e 

su
sc

ep
tib

ili
ty

 is
 

sh
ow

n 
in

 F
ig

. 1
(c

), 
w

he
re

 th
e 

ve
rti

ca
l a

xi
s 

co
rr

es
po

nd
s 

to
 th

e 
nu

m
be

r o
f t

he
 u

nb
ou

nd
 (f

re
e)

 m
ar

ke
rs

. 
 A

s 
sh

ow
n,

 th
e 

nu
m

be
r o

f f
re

e 
m

ar
ke

rs
 d

ec
re

as
ed

 w
ith

 th
e 

in
cr

ea
se

 o
f N

p.

Fi
g.

 1
. (

a)
 D

et
ec

tio
n 

of
 b

io
tin

-la
be

le
d 

po
ly

m
er

 b
ea

ds
 w

ith
ou

t b
ou

nd
/fr

ee
 (B

F)
 s

ep
ar

at
io

n.
 (b

) R
ea

l p
ar

t o
f 

th
e 

su
sc

ep
tib

ili
ty

 w
he

n 
m

ag
ne

tic
 m

ar
ke

r c
ou

pl
es

 to
 th

e 
po

ly
m

er
 b

ea
ds

 w
ith

 n
um

be
r N

p. 
(b

) C
ha

ng
e 

of
 th

e 
si

ze
 d

is
tri

bu
tio

n 
of

 th
e 

fr
ee

 m
ar

ke
rs

. 

#
1

0
0

#
9

9



Sp
ec

ifi
ci

ty
 a

nd
 s

en
si

tiv
ity

 te
st

in
g 

of
 im

m
un

om
ag

ne
tic

 la
be

lin
g 

re
ag

en
t b

y 
VI

S 
an

d 
U

V 
C

el
l T

ra
ck

in
g 

Ve
lo

ci
m

et
ry

 (C
TV

) 

X
ia

ox
ia

 Ji
n1,

2*
, J

ef
fr

ey
 J.

 C
ha

lm
er

s2 , M
ac

ie
j Z

bo
ro

w
sk

i1 

1 D
ep

ar
tm

en
t o

f B
io

m
ed

ic
al

 E
ng

in
ee

rin
g,

 L
er

ne
r R

es
ea

rc
h 

In
st

itu
te

, C
le

ve
la

nd
 C

lin
ic

, 
95

00
 E

uc
lid

 A
ve

nu
e,

 C
le

ve
la

nd
, O

H
 4

41
95

, U
SA

 
2 D

ep
ar

tm
en

t o
f C

he
m

ic
al

 a
nd

 B
io

m
ol

ec
ul

ar
 E

ng
in

ee
rin

g,
 T

he
 O

hi
o 

St
at

e 
U

ni
ve

rs
ity

, 
C

ol
um

bu
s, 

O
H

 4
32

10
, U

SA
 

* co
rr

es
po

nd
in

g 
au

th
or

: j
in

x2
@

cc
f.o

rg

M
ea

su
re

m
en

t o
f m

ag
ne

to
ph

or
et

ic
 m

ob
ili

ty
 (M

M
) o

f m
ag

ne
tic

al
ly

 la
be

le
d 

ce
ll 

co
m

pl
ex

es
 

pl
ay

s a
n 

im
po

rta
nt

 ro
le

 in
 th

e 
de

si
gn

, o
pt

im
iz

at
io

n,
 a

nd
 o

pe
ra

tio
n 

of
 m

ag
ne

tic
 c

el
l 

se
pa

ra
to

rs
. M

M
 is

 d
ef

in
ed

 a
s t

he
 ra

tio
 o

f t
he

 fi
el

d-
in

du
ce

d 
ve

lo
ci

ty
 d

iv
id

ed
 b

y 
th

e 
gr

ad
ie

nt
 o

f t
he

 lo
ca

l m
ag

ne
tic

 e
ne

rg
y 

pr
od

uc
t, 

1/
2 H

B.
 T

he
 M

M
 w

as
 m

ea
su

re
d 

us
in

g 
a 

vi
si

bl
e 

lig
ht

 (V
IS

) a
nd

 u
ltr

av
io

le
t (

U
V

) m
ic

ro
sc

op
e 

w
ith

 a
 d

ig
ita

l c
am

er
a,

 w
ith

 a
 

pe
rm

an
en

t m
ag

ne
t g

en
er

at
in

g 
an

 is
od

yn
am

ic
 m

ag
ne

tic
 fi

el
d 

in
 th

e 
re

gi
on

 o
f i

nt
er

es
t, 

or
th

og
on

al
 to

 g
ra

vi
ty

 (C
TV

). 
A

 ty
pi

ca
l s

am
pl

e 
si

ze
 is

 o
n 

th
e 

or
de

r o
f a

 th
ou

sa
nd

 c
el

ls
. 

Ju
rk

at
 c

el
l l

in
e 

(A
TC

C
, M

an
as

sa
s, 

V
A

) w
as

 u
se

d 
to

 d
et

er
m

in
e 

sp
ec

ifi
ci

ty
 a

nd
 se

ns
iti

vi
ty

 
of

 a
nt

i C
D

45
 a

nt
ib

od
y-

flu
or

oc
hr

om
e 

co
nj

ug
at

e 
(P

E)
 a

nd
 m

ag
ne

tic
 c

ol
lo

id
. I

n 
pr

in
ci

pl
e,

 
th

e 
C

D
45

-e
xp

re
ss

in
g 

Ju
rk

at
 c

el
ls

 a
re

 a
ll 

la
be

le
d 

w
ith

 th
e 

an
ti 

C
D

45
-P

E 
A

b 
an

d 
th

e 
m

ag
ne

tic
 c

ol
lo

id
 w

he
n 

th
e 

re
ag

en
ts

 a
re

 a
pp

lie
d 

se
qu

en
tia

lly
. I

n 
pr

ac
tic

e,
 d

ue
 to

 n
on

-id
ea

l 
re

ac
tio

n 
ki

ne
tic

s a
nd

 th
e 

re
ag

en
t c

he
m

is
tri

es
, o

ne
 a

ls
o 

ob
se

rv
es

 c
el

ls
 th

at
 d

o 
no

t b
in

d 
th

e 
A

b 
an

d 
th

e 
m

ag
ne

tic
 c

ol
lo

id
 (f

lu
or

es
ce

nc
e 

ne
ga

tiv
e,

 m
ag

ne
tic

 n
eg

at
iv

e,
 F

- M
- ) a

nd
 c

el
ls

 
th

at
 b

in
d 

on
e 

re
ag

en
ts

 b
ut

 n
ot

 th
e 

ot
he

r (
F- M

+  a
nd

 F
+ M

- ). 
Th

e 
co

m
bi

na
tio

n 
of

 V
IS

 a
nd

 
U

V
 C

TV
 p

ro
vi

de
d 

a 
un

iq
ue

 o
pp

or
tu

ni
ty

 to
 in

ve
st

ig
at

e 
th

e 
si

ze
 o

f e
ac

h 
fr

ac
tio

n.
 T

he
 V

IS
 

C
TV

 w
as

 u
se

d 
to

 d
et

er
m

in
e 

ce
ll 

M
M

 d
is

tri
bu

tio
n 

af
te

r a
dd

iti
on

 o
f t

he
 m

ag
ne

tic
 c

ol
lo

id
 

al
on

e.
 S

ub
se

qu
en

tly
, M

M
s o

f c
el

ls
 ta

rg
et

ed
 w

ith
 th

e 
an

ti 
C

D
45

 P
E 

co
nj

ug
at

e 
(I

nv
itr

og
en

) 
an

d 
th

e 
m

ag
ne

tic
 c

ol
lo

id
 (M

ilt
en

y 
B

io
te

c)
 w

er
e 

de
te

rm
in

ed
 b

y 
bo

th
 V

IS
 C

TV
 a

nd
 U

V
 

C
TV

. O
nl

y 
flu

or
es

ce
nt

 c
el

ls
 in

 th
e 

la
be

le
d 

sa
m

pl
e 

co
ul

d 
be

 o
bs

er
ve

d 
by

 U
V

 C
TV

. 
U

nt
re

at
ed

 c
el

ls
 w

er
e 

us
ed

 a
s a

 c
on

tro
l t

o 
de

te
rm

in
e 

cu
to

ff
 M

M
 (M

M
1)

 th
at

 d
is

tin
gu

is
he

d 
la

be
le

d 
fr

om
 u

nl
ab

el
ed

 c
el

ls
. T

he
 sp

ec
ifi

ci
ty

 o
f t

he
 m

ag
ne

tic
 ta

gg
in

g 
re

ag
en

t w
as

 e
qu

al
 to

 
un

ity
 m

in
us

 fr
ac

tio
n 

of
 c

el
ls

 la
be

le
d 

w
ith

 th
e 

m
ag

ne
tic

 c
ol

lo
id

 a
lo

ne
, w

ho
se

 V
IS

 
M

M
>M

M
1; 

th
e 

m
ea

n 
M

M
 o

f t
ha

t c
el

l f
ra

ct
io

n,
 M

M
2, 

w
as

 u
se

d 
to

 d
et

er
m

in
e 

no
n-

sp
ec

ifi
c 

bi
nd

in
g 

fo
llo

w
in

g 
ta

rg
et

in
g 

an
tib

od
y 

ad
di

tio
n.

 T
he

 c
om

bi
na

tio
n 

of
 V

IS
 C

TV
 a

nd
 U

V
 

C
TV

 a
na

ly
se

s o
n 

te
st

 a
nd

 c
on

tro
l s

am
pl

es
 re

su
lte

d 
in

 d
et

er
m

in
at

io
n 

of
 fi

ve
 c

el
l 

su
bp

op
ul

at
io

ns
: A

1:=
 {

ce
lls

: V
IS

 M
M

 <
 M

M
1}

 =
 (F

- M
-  +

 F
+ M

- ); 
A

2:=
{c

el
ls

: U
V

 M
M

 <
M

M
1}

 =
 F

+ M
- ; A

3:=
 {

ce
lls

: M
M

1 
< 

U
V

 M
M

< 
M

M
2}

 =
 F

+ M
+ , A

4:=
 {

ce
lls

: M
M

1 
< 

V
IS

 
M

M
 <

 M
M

2}
 =

 (F
- M

+ +F
+ M

+ ), 
an

d 
A

5:=
{c

el
ls

: V
IS

 M
M

 >
 M

M
2}

 =
 F

+ M
+ . T

he
 fr

ac
tio

na
l 

si
ze

s o
f t

he
 se

ts
, 

A
1

 +
 A

4
 +

 A
5

 =
 1

, a
nd

 A
2

 +
 A

3
 +

 A
5

 =
 x

, w
hi

ch
 is

 th
e 

flu
or

es
ce

nt
ly

 la
be

le
d 

ce
ll 

fr
ac

tio
n.

 T
he

 se
ns

iti
vi

ty
 o

f t
he

 m
ag

ne
tic

 ta
gg

in
g 

re
ag

en
t w

as
 

de
fin

ed
 a

s 
A

3
 +

 
A

5
. F

or
 th

e 
pa

rti
cu

la
r c

om
bi

na
tio

n 
of

 re
ag

en
ts

 u
se

d 
in

 th
is

 st
ud

y,
 

A
1

 =
 1

.4
4%

, 
A

2
 =

 0
.3

4%
x,

 A
3

 =
 0

.7
7%

x,
 

A
4

=1
.8

8%
, a

nd
 A

5
 =

 9
6.

68
%

. 
Th

er
ef

or
e,

 th
e 

se
ns

iti
vi

ty
 w

as
 e

qu
al

 to
 9

7.
43

%
. T

he
 sp

ec
ifi

ci
ty

 w
as

 9
8.

87
%

, a
s e

xp
ec

te
d 

fo
r a

 n
ea

rly
 h

om
og

en
eo

us
 c

el
l p

op
ul

at
io

n.
 O

th
er

 c
om

m
er

ci
al

 m
ag

ne
tic

 c
ol

lo
id

s a
re

 
in

ve
st

ig
at

ed
 u

si
ng

 th
e 

sa
m

e 
pr

oc
ed

ur
e.

  

A
 M

E
M

S-
ba

se
d 

bi
o-

fe
rr

og
ra

ph
:  

de
si

gn
, f

ab
ri

ca
tio

n 
an

d 
te

st
in

g 
a L

. R
. M

oo
re

,a,
b P.

 N
at

h,
 a J.

 S
tr

el
ni

k,
 a P.

 S
. W

ill
ia

m
s, 

a M
. Z

bo
ro

w
sk

i, 
a S.

 R
oy

,
an

d
a A

. J
. F

le
is

ch
m

an
 

a D
ep

ar
tm

en
t o

f B
io

m
ed

ic
al

 E
ng

in
ee

ri
ng

/N
D

20
, T

he
 C

le
ve

la
nd

 C
lin

ic
, 9

50
0 

Eu
cl

id
 A

ve
nu

e,
 C

le
ve

la
nd

, 
O

hi
o 

44
19

5,
 U

SA
  m

oo
re

l@
cc

f.o
rg

;
b D

ep
ar

tm
en

t o
f C

he
m

ic
al

 a
nd

 B
io

m
ed

ic
al

 E
ng

in
ee

rin
g,

 C
le

ve
la

nd
 

St
at

e 
U

ni
ve

rs
ity

, C
le

ve
la

nd
, O

hi
o 

44
11

5 

Th
e 

de
si

gn
 a

nd
 f

ab
ric

at
io

n 
of

 a
 M

EM
S-

ba
se

d 
an

al
og

 o
f 

an
 e

xi
st

in
g 

m
ac

ro
-s

ca
le

 b
io

-f
er

ro
gr

ap
h 

(B
FG

) 
w

ill
 b

e 
pr

es
en

te
d.

  
Th

e 
m

ic
ro

-B
FG

 c
on

si
st

s 
of

 a
 m

ic
ro

flu
id

ic
 c

ha
nn

el
 a

nd
 m

ag
ne

tic
 

as
se

m
bl

y 
an

d 
al

lo
w

s 
m

ag
ne

tic
al

ly
-ta

gg
ed

 c
el

ls
 t

o 
be

 i
so

la
te

d 
fr

om
 t

he
 f

lo
w

 b
y 

en
tra

pm
en

t 
in

 
po

rti
on

s 
of

 th
e 

ch
an

ne
l a

dj
ac

en
t t

o 
fo

ur
 h

ig
h-

gr
ad

ie
nt

 z
on

es
.  

Th
e 

en
tra

pp
ed

 c
el

ls
 c

an
 b

e 
fix

ed
, 

st
ai

ne
d 

an
d 

an
al

yz
ed

 m
ic

ro
sc

op
ic

al
ly

, c
om

bi
ni

ng
 s

am
pl

e 
en

ric
hm

en
t a

nd
 s

lid
e 

pr
ep

ar
at

io
n 

in
 a

 
si

ng
le

 st
ep

.

Th
e 

m
ic

ro
ch

an
ne

ls
 a

re
 f

ab
ric

at
ed

 o
f 

SU
-8

 (
an

 e
po

xy
-b

as
ed

 n
eg

at
iv

e 
ph

ot
or

es
is

t) 
on

 P
yr

ex
 

su
bs

tra
te

s. 
 T

he
 fa

br
ic

at
io

n 
pr

oc
es

s 
w

as
 c

om
po

se
d 

of
 tw

o 
m

aj
or

 s
te

ps
:  

1)
 fa

br
ic

at
io

n 
of

 2
50

 �
m

-
th

ic
k 

op
en

 d
uc

ts
 o

n 
Py

re
x 

w
af

er
s 

an
d 

2)
 w

af
er

 b
on

di
ng

 w
ith

 S
U

-8
 b

as
ed

 a
dh

es
iv

e 
to

 f
or

m
 

en
cl

os
ed

 m
ic

ro
ch

an
ne

ls
. 

 T
he

 p
er

m
an

en
t 

m
ag

ne
t 

as
se

m
bl

y 
w

as
 d

es
ig

ne
d 

- 
us

in
g 

th
e 

so
ftw

ar
e 

A
m

pe
re

s�
 - 

to
 g

iv
e 

th
e 

hi
gh

es
t m

ea
n 

gr
ad

ie
nt

 in
si

de
 th

e 
ch

an
ne

l. 
 T

he
 se

pa
ra

tio
n 

w
as

 m
od

el
ed

 to
 

pr
ed

ic
t z

on
al

 c
ap

tu
re

 ra
tio

s b
y 

nu
m

er
ic

al
 si

m
ul

at
io

n 
of

 p
ar

tic
le

 tr
aj

ec
to

rie
s (

R
un

ge
-K

ut
ta

 m
et

ho
d)

 
fr

om
 a

n 
in

pu
t o

f m
ag

ne
to

ph
or

et
ic

 m
ob

ili
ty

 d
at

a 
- a

cq
ui

re
d 

fr
om

 a
n 

in
-h

ou
se

 te
ch

ni
qu

e 
ca

lle
d 

C
el

l 
Tr

ac
ki

ng
 V

el
oc

im
et

ry
 (C

TV
). 

  

A
 h

or
iz

on
ta

lly
-p

os
iti

on
ed

 m
ic

ro
sc

op
e 

w
ith

 v
id

eo
 c

am
er

a 
an

d 
ac

qu
is

iti
on

 s
of

tw
ar

e 
w

as
 u

se
d 

to
 

ac
qu

ire
 r

ea
l t

im
e 

de
po

si
tio

n 
vi

de
o 

im
ag

es
.  

Th
is

 a
llo

w
ed

, f
or

 th
e 

fir
st

 ti
m

e,
 v

is
ua

liz
at

io
n 

of
 th

e 
tra

ili
ng

 g
as

-li
qu

id
 i

nt
er

fa
ce

 a
nd

 i
ts

 d
el

et
er

io
us

 s
co

ur
in

g 
ef

fe
ct

 o
f 

th
e 

de
po

si
te

d 
m

ag
ne

tic
 

m
ic

ro
sp

he
re

s. 
 M

on
ot

on
ic

al
ly

 d
ec

lin
in

g 
ca

pt
ur

e 
ra

tio
 w

ith
 i

nc
re

as
in

g 
flo

w
 r

at
e 

w
as

 o
bs

er
ve

d 
fr

om
 i

m
ag

e 
an

al
ys

is
 w

ith
 I

m
ag

eP
ro
�

 s
of

tw
ar

e 
an

d 
m

an
ua

l 
co

un
tin

g.
  

C
el

l 
st

ud
ie

s 
em

pl
oy

ed
 

Ju
rk

at
 c

el
ls

 t
ag

ge
d 

w
ith

 a
 d

ou
bl

e 
an

tib
od

y;
 t

he
 p

rim
ar

y 
an

tib
od

y 
w

as
 c

on
ju

ga
te

d 
to

 t
he

 
flu

or
oc

hr
om

e,
 p

hy
co

er
yt

hr
in

, 
an

d 
a 

se
co

nd
ar

y 
an

tib
od

y 
w

as
 c

on
ju

ga
te

d 
to

 m
ag

ne
tit

e-
be

ar
in

g 
na

no
sp

he
re

s. 
 P

os
t-p

ro
ce

ss
in

g 
of

 th
e 

vi
de

o 
im

ag
es

 w
ith

 I
m

ag
eP

ro
 s

ho
w

ed
 th

at
 th

es
e 

ce
lls

 h
av

e 
m

on
ot

on
ic

al
ly

 d
ec

re
as

in
g 

m
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity
 w

ith
 i

nc
re

as
in

g 
zo

ne
 n

um
be

r. 
 T

he
 

es
ta

bl
is

he
d 

re
la

tio
ns

hi
p 

be
tw

ee
n 

ce
ll 

su
rf

ac
e 

m
ar

ke
r 

ex
pr

es
si

on
 a

nd
 f

lo
re

sc
en

ce
 i

nt
en

si
ty

, 
su

gg
es

ts
 th

at
 th

e 
m

ic
ro

-B
FG

 c
an

 s
ep

ar
at

e 
ce

lls
 in

to
 d

is
tin

ct
 fr

ac
tio

ns
 b

y 
th

ei
r i

nt
rin

si
c 

pr
op

er
tie

s. 
 

A
 s

ec
on

d 
ite

ra
tio

n 
of

 th
e 

m
ic

ro
-B

FG
 d

es
ig

ne
d 

fo
r 

in
cr

ea
se

d 
re

so
lu

tio
n 

co
ul

d 
se

rv
e 

as
 a

 s
ta

nd
-

al
on

e 
an

al
yt

ic
al

 d
ev

ic
e.

 

Is
om

et
ric

 v
ie

w
 

C
ha

nn
el

M
ag

ne
t A

ss
em

bl
y

Is
om

et
ric

 v
ie

w
 

C
ha

nn
el

M
ag

ne
t A

ss
em

bl
y

Is
om

et
ric

 v
ie

w
 

C
ha

nn
el

M
ag

ne
t A

ss
em

bl
y

Is
om

et
ric

 v
ie

w
 

C
ha

nn
el

M
ag

ne
t A

ss
em

bl
y

#
1

0
2

#
1

0
1



D
yn

oM
ag

 –
 A

C
 S

us
ce

pt
om

et
er

 fo
r 

M
ag

ne
tic

  
C

ha
ra

ct
er

iz
at

io
n 

of
 P

ar
tic

le
s 

A
. P

. A
st

al
an

1*
, K

. P
et

er
ss

on
1 , C

. J
on

as
so

n1 , J
. B

lo
m

gr
en

1 , F
. A

hr
en

to
rp

1 , G
. F

on
nu

m
2 ,

E
. M

ar
tin

se
n2 , C

. J
oh

an
ss

on
1

1 Im
eg

o 
In

st
itu

te
, A

rv
id

 H
ed

va
lls

 B
ac

ke
 4

, S
E-

40
0 

14
 G

öt
eb

or
g 

Sw
ed

en
 

2 In
vi

tro
ge

n 
D

yn
al

 A
S,

 U
lle

rn
ch

au
ss

ée
n 

52
, N

-0
37

9 
O

sl
o,

 N
or

w
ay

*E
-M

ai
l: 

an
dr

ea
.p

rie
to

as
ta

la
n@

im
eg

o.
co

m
 

A
 p

or
ta

bl
e 

A
C

-s
us

ce
pt

om
et

er
, D

yn
oM

ag
 f

or
 c

ha
ra

ct
er

iz
at

io
n 

of
 v

ar
io

us
 m

ag
ne

tic
 m

at
er

ia
ls

 h
as

 
be

en
 d

ev
el

op
ed

 a
t I

m
eg

o.
 T

he
 p

rin
ci

pl
e 

of
 th

e 
in

str
um

en
ta

l m
et

ho
d 

is
 b

as
ed

 o
n 

th
e 

de
te

rm
in

at
io

n 
of

 
th

e 
dy

na
m

ic
 m

ag
ne

tic
 p

ro
pe

rti
es

 o
f m

ag
ne

tic
 p

ar
tic

le
s b

y 
m

ea
su

rin
g 

th
e 

fr
eq

ue
nc

y 
de

pe
nd

en
t c

om
pl

ex
 

m
ag

ne
tic

 su
sc

ep
tib

ili
ty

, 
(

)
(

)
(

)
j

�
�

�
�

�
�

�
��

�
�

.
Th

e 
in

st
ru

m
en

t c
om

pr
is

es
 a

n 
in

du
ct

io
n 

co
il 

sy
st

em
 w

ith
 in

te
gr

at
ed

 e
le

ct
ro

ni
cs

 f
or

 e
xc

ita
tio

n 
an

d 
si

gn
al

 r
ea

d-
ou

t. 
A

 s
of

tw
ar

e 
pa

ck
ag

e 
is

 u
se

d 
fo

r 
se

tti
ng

s 
of

 th
e 

m
ea

su
re

m
en

t p
ar

am
et

er
s, 

in
st

ru
m

en
t 

ca
lib

ra
tio

n,
 d

at
a 

vi
su

al
iz

at
io

n,
 s

to
ra

ge
 o

f 
da

ta
 a

nd
 a

na
ly

si
s. 

Th
e 

m
ea

su
re

m
en

t 
fr

eq
ue

nc
y 

in
te

rv
al

 i
s 

fr
om

 1
 H

z 
to

 2
50

 k
H

z,
 w

ith
 a

 re
so

lu
tio

n 
in

 m
ag

ne
tic

 m
om

en
t o

f 
11

3
10

�
	

 A
m

2
or

 v
ol

um
e 

su
sc

ep
tib

ili
ty

 
7

4
10

�
	

 (S
I-

un
its

) a
t 1

 k
H

z 
an

d 
ex

ci
ta

tio
n 

am
pl

itu
de

 o
f 0

.5
 m

T.
  

D
yn

oM
ag

 c
an

 b
e 

us
ed

 f
or

 d
yn

am
ic

 m
ag

ne
tic

 c
ha

ra
ct

er
iz

at
io

n 
of

 f
or

 in
st

an
ce

 m
ag

ne
tic

 p
ar

tic
le

s 
di

sp
er

se
d 

in
 li

qu
id

 o
r m

ag
ne

tic
 p

ar
tic

le
s 

in
 p

ow
de

r f
or

m
. T

he
 d

iff
er

en
t s

ta
te

s 
of

 th
e 

sa
m

pl
es

 (l
iq

ui
d 

or
 

po
w

de
r)

 d
et

er
m

in
e 

th
e 

ab
ili

ty
 o

f 
th

e 
pa

rti
cl

es
 t

o 
m

ag
ne

tic
al

ly
 r

el
ax

 t
ro

ug
h 

B
ro

w
ni

an
 (

st
oc

ha
st

ic
 

pa
rti

cl
e 

ro
ta

tio
n 

in
 a

 v
is

co
us

 li
qu

id
) o

r N
ée

l r
el

ax
at

io
n 

(in
te

rn
al

 re
la

xa
tio

n 
of

 th
e 

si
ng

le
-d

om
ai

ns
). 

 
A

s 
an

 e
xa

m
pl

e 
w

e 
ca

n 
co

ns
id

er
 m

ag
ne

tic
 p

ar
tic

le
s 

in
 a

 li
qu

id
. I

f t
he

 N
ée

l r
el

ax
at

io
n 

tim
e 

is
 lo

ng
er

 
th

an
 t

he
 B

ro
w

ni
an

 r
el

ax
at

io
n 

tim
e,

 t
he

 B
ro

w
ni

an
 r

el
ax

at
io

n 
ca

n 
be

 m
ag

ne
tic

al
ly

 d
et

ec
te

d 
si

nc
e 

th
e 

m
ag

ne
tic

 m
om

en
t 

of
 t

he
 p

ar
tic

le
 r

ot
at

es
 w

ith
 t

he
 s

am
e 

ra
te

 a
s 

th
e 

pa
rti

cl
e 

its
el

f. 
B

y 
us

in
g 

th
es

e 
pa

rti
cl

es
 it

 is
 p

os
si

bl
e 

to
 d

et
er

m
in

e 
th

e 
si

ze
 d

is
tri

bu
tio

n 
of

 th
e 

pa
rti

cl
e 

sy
st

em
 (

se
e 

th
e 

fig
ur

e 
be

lo
w

) 
an

d 
w

e 
us

e 
th

is
 a

pp
ro

ac
h 

in
 a

 n
ov

el
 te

ch
ni

qu
e 

in
 o

rd
er

 to
 d

et
ec

t b
io

-m
ol

ec
ul

es
 in

 a
 li

qu
id

. W
he

n 
th

e 
pa

rti
cl

es
 a

re
 im

m
ob

ili
ze

d 
so

 th
at

 n
o 

pa
rti

cl
e 

ro
ta

tio
n 

ca
n 

ta
ke

 p
la

ce
 (a

s i
n 

a 
m

ag
ne

tic
 p

ar
tic

le
 sy

st
em

 in
 

po
w

de
r 

fo
rm

), 
th

e 
on

ly
 p

os
si

bi
lit

y 
to

 r
el

ax
 a

t 
lo

w
 f

ie
ld

s 
is

 b
y 

th
e 

in
te

rn
al

, 
N

ée
l 

re
la

xa
tio

n.
 T

hi
s 

re
la

xa
tio

n 
pr

oc
es

s 
is

 v
er

y 
se

ns
iti

ve
 to

 th
e 

si
ze

 o
f 

th
e 

si
ng

le
-d

om
ai

ns
 in

 th
e 

pa
rti

cl
es

. I
n 

th
is

 c
as

e 
th

e 
fr

eq
ue

nc
y 

be
ha

vi
ou

r 
of

 t
he

 c
om

pl
ex

 s
us

ce
pt

ib
ili

ty
 i

s 
de

pe
nd

en
t 

on
 t

he
 s

iz
e 

of
 t

he
 s

in
gl

e-
do

m
ai

ns
 

w
hi

ch
 r

es
ul

ts
 i

n 
m

ag
ne

tic
 r

em
an

en
ce

 i
n 

th
e 

pa
rti

cl
e 

sy
st

em
. 

Th
us

, 
th

e 
fr

eq
ue

nc
y 

be
ha

vi
ou

r 
of

 t
he

 
co

m
pl

ex
 su

sc
ep

tib
ili

ty
 c

an
 b

e 
us

ed
 to

 in
di

re
ct

ly
 m

ea
su

re
 m

ag
ne

tic
 re

m
an

en
ce

 in
 th

e 
pa

rti
cl

e 
sa

m
pl

e.
   

0

0.
51

1.
5

10
2

10
3

10
4

10
5

�'
 s

am
pl

e 
1:

 <
r>

=4
3n

m
 

�'
's

am
pl

e 
1:

 <
r>

=4
3n

m
 


�
' s

am
pl

e 
2:

 <
r>

=1
1 

nm
 


�
'' 

sa
m

pl
e 

2:
 <

r>
=

11
 n

m
 

Normalized magnetic susceptibility
F

re
qu

en
cy

 (
H

z)

�
' �
''

Fi
gu

re
:  

M
ea

su
re

m
en

t o
f t

he
 fr

eq
ue

nc
y 

de
pe

nd
en

t c
om

pl
ex

 m
ag

ne
tic

 su
sc

ep
tib

ili
ty

 fo
r t

w
o 

m
ag

ne
tic

 
na

no
pa

rti
cl

e 
sa

m
pl

es
 d

is
pe

rs
ed

 in
 a

 c
ar

rie
r f

lu
id

. 

#
1

0
4

#
1

0
3



D
ev

el
op

m
en

t o
f a

n 
A

rt
ifi

ci
al

 N
eu

ra
l N

et
w

or
k 

C
or

re
la

tio
n 

fo
r 

Pr
ed

ic
tio

n 
of

 R
ot

at
in

g 
M

ag
ne

tic
 F

ie
ld

 E
ff

ec
ts

 o
n 

Pr
oc

es
s P

ro
du

ct
io

n 
of

 D
is

pe
rs

e 
Sy

st
em

s F
e 3

O
4

- L
iq

ui
d

R
. R

ak
oc

zy

Sz
cz

ec
in

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y,

 In
st

itu
te

 o
f C

he
m

ic
al

 E
ng

in
ee

rin
g 

an
d 

En
vi

ro
nm

en
ta

l P
ro

te
ct

io
n 

Pr
oc

es
s, 

al
. 

Pi
as

tó
w

 4
2,

 7
1-

06
5 

Sz
cz

ec
in

, e
-m

ai
l: 

* rr
ak

oc
zy

@
ps

.p
l

St
ud

ie
s 

ov
er

 t
he

 r
ec

en
t 

de
ca

de
s 

w
er

e 
co

nc
er

ne
d 

w
ith

 a
pp

lic
at

io
n 

of
 m

ag
ne

tic
 f

ie
ld

s 
in

 
di

ff
er

en
t a

re
as

 o
f e

ng
in

ee
rin

g 
pr

oc
es

se
s. 

St
at

ic
, r

ot
at

in
g 

or
 a

lte
rn

at
in

g 
m

ag
ne

tic
 fi

el
ds

 m
ig

ht
 b

e 
us

ed
 to

 a
ug

m
en

t t
he

 in
te

ns
ity

 o
f p

ro
ce

ss
es

 in
st

ea
d 

of
 m

ec
ha

ni
ca

lly
 m

ix
in

g.
 O

ne
 a

dv
an

ta
ge

 o
f 

ro
ta

tin
g 

m
ag

ne
tic

 f
ie

ld
s 

is
 t

he
 p

os
si

bi
lit

y 
to

 a
pp

ly
 t

he
m

 t
o 

ge
ne

ra
tio

n 
an

d 
co

nt
ro

l 
of

 
hy

dr
od

yn
am

ic
 st

at
es

 fo
r t

he
 m

ag
ne

tic
 p

ar
tic

le
s d

is
pe

rs
e 

sy
st

em
s.

U
nd

er
 t

he
 a

ct
io

n 
of

 a
 r

ot
at

in
g 

m
ag

ne
tic

 f
ie

ld
, 

th
e 

hy
dr

od
yn

am
ic

 c
on

di
tio

ns
 o

f 
th

e 
pr

od
uc

ed
 l

iq
ui

d-
fe

rr
om

ag
ne

tic
 p

ar
tic

le
s 

(F
e 3

O
4)

 d
is

pe
rs

e 
sy

st
em

s 
m

ay
 b

e 
an

al
ys

ed
. 

It 
is

 
sh

ow
n 

th
at

 c
om

pl
ex

 s
tru

ct
ur

e 
of

 th
es

e 
sy

st
em

s 
m

ay
 b

e 
su

cc
es

sf
ul

ly
 d

es
cr

ib
ed

 o
n 

th
e 

ba
si

s 
of

 
st

at
is

tic
al

 
ch

ar
ac

te
ris

tic
s. 

Th
is

 
pr

op
os

iti
on

 
m

ak
e 

it 
po

ss
ib

le
 

to
 

fo
rm

ul
at

e 
op

tim
al

 
hy

dr
od

yn
am

ic
 

co
nd

iti
on

s 
fo

r 
th

e 
liq

ui
d-

fe
rr

om
ag

ne
tic

 
pa

rti
cl

es
 

m
ix

tu
re

.
Ex

pe
rim

en
ta

l 
in

ve
st

ig
at

io
ns

 o
f 

hy
dr

od
yn

am
ic

 b
eh

av
io

ur
 o

f 
th

e 
liq

ui
d-

m
ag

ne
tic

 p
ar

tic
le

 m
ix

tu
re

 in
 r

ot
at

in
g 

m
ag

ne
tic

 f
ie

ld
 h

av
e 

be
en

 c
ar

rie
d 

ou
t 

us
in

g 
a 

no
ve

l 
ty

pe
 o

f 
ex

pe
rim

en
ta

l 
ap

pa
ra

tu
s.

A
ll 

ex
pe

rim
en

ta
l 

m
ea

su
re

m
en

ts
 w

er
e 

in
iti

at
ed

 b
y 

lo
ad

in
g 

in
to

 g
la

ss
 c

on
ta

in
er

 t
he

 m
ag

ne
tic

 
pa

rti
cl

es
 (

Fe
3O

4)
 w

ith
 th

e 
lo

ng
itu

di
na

l d
im

en
si

on
s 

to
 th

e 
or

de
r 

of
 th

e 
G

au
ss

ia
n 

di
st

rib
ut

io
n.

A
s 

fo
llo

w
s 

fr
om

 a
na

ly
si

s 
of

 t
he

 o
bt

ai
ne

d 
hi

st
og

ra
m

s, 
th

e 
di

st
rib

ut
io

ns
 o

f 
m

ag
ne

tic
 p

ar
tic

le
 

be
co

m
es

 s
im

ila
r 

to
 t

he
 i

ni
tia

l 
di

st
rib

ut
io

n 
w

ith
 i

nc
re

as
in

g 
m

ag
ne

tic
 i

nd
uc

tio
n 

as
 w

el
l 

as
 

el
ec

tri
ca

l 
co

nd
uc

tiv
ity

 o
f 

liq
ui

d 
ph

as
e.

 T
he

re
fo

re
, 

hy
dr

od
yn

am
ic

 b
eh

av
io

ur
 o

f 
th

e 
liq

ui
d-

fe
rr

om
ag

ne
tic

 p
ar

tic
le

 m
ix

tu
re

 m
ay

 b
e 

ea
sy

 s
tu

di
ed

 b
as

in
g 

on
 t

he
 r

es
ul

ta
nt

 p
ar

tic
le

s 
si

ze
 

di
st

rib
ut

io
ns

.
Th

e 
su

sp
en

si
on

 p
ro

ce
ss

 o
f 

fe
rr

om
ag

ne
tic

 p
ar

tic
le

s 
in

 t
he

 l
iq

ui
d 

ph
as

e 
m

ay
 b

e 
ef

fe
ct

iv
el

y 
de

sc
rib

ed
 u

si
ng

 s
ta

nd
ar

d 
di

st
rib

ut
io

n 
m

om
en

ts
. 

Th
en

, 
th

is
 a

ss
es

sm
en

t 
of

 t
he

co
m

pl
ex

 b
eh

av
io

ur
 o

f m
ag

ne
tic

 p
ar

tic
le

-li
qu

id
 d

is
pe

rs
e 

sy
st

em
 in

 th
e 

ro
ta

tin
g 

m
ag

ne
tic

 fi
el

d 
ge

ne
ra

to
r

sh
ou

ld
 b

e 
ba

se
d 

on
 t

he
 a

ve
ra

ge
 v

al
ue

 a
s 

a 
si

m
pl

e 
nu

m
er

ic
al

 c
ha

ra
ct

er
is

tic
. 

A
s 

fo
llo

w
s 

fr
om

 th
e 

ex
pe

rim
en

ta
l i

nv
es

tig
at

io
ns

, t
hi

s 
av

er
ag

e 
va

lu
e 

is
 b

as
ed

 o
n 

th
e 

lo
ng

itu
di

na
l 

di
m

en
si

on
 o

f m
ag

ne
tic

 p
ar

tic
le

s. 
O

bv
io

us
ly

, t
he

 d
is

pe
rs

io
n 

of
 m

ag
ne

tic
 p

ar
tic

le
s 

in
 th

e 
liq

ui
d 

ph
as

ed
 in

cr
ea

se
 w

ith
 in

cr
ea

si
ng

 o
f 

th
e 

m
ag

ne
tic

 in
du

ct
io

n 
an

d 
th

e 
el

ec
tri

ca
l c

on
du

ct
iv

ity
 o

f 
th

e 
ca

rr
ie

d 
liq

ui
d.

Th
is

 p
ap

er
 p

re
se

ts
 th

e 
re

su
lts

 o
f a

 s
tu

dy
 a

im
ed

 a
t a

na
ly

si
ng

 s
pa

tia
l d

is
tri

bu
tio

n 
of

 th
e 

fe
rr

om
ag

ne
tic

 
pa

rti
cl

es
 

in
 

liq
ui

d 
sy

st
em

s 
by

 
us

in
g 

th
e 

ro
ta

tin
g 

m
ag

ne
tic

 
fie

ld
. 

Th
e 

ex
pe

rim
en

ta
l d

at
a 

w
er

e 
an

al
yz

ed
 b

y 
m

ea
ns

 o
f 

m
ul

tiv
ar

ia
te

 s
ta

tis
tic

al
 te

ch
ni

qu
es

, i
n 

or
de

r 
to

 
id

en
tif

y 
th

e 
lif

tin
g 

ab
ili

ty
 o

f 
ro

ta
tin

g 
m

ag
ne

tic
 f

ie
ld

.
Th

e 
ge

ne
ra

l 
tre

nd
s 

of
 t

hi
s 

ap
pr

oa
ch

 
sh

ou
ld

 b
e 

w
el

l 
st

ee
re

d 
to

 a
pp

ly
 n

eu
ra

l 
ne

tw
or

k 
m

od
el

. T
hi

s 
fa

ct
 i

s 
pe

rm
itt

ed
 t

o 
ad

op
t 

th
is

 
m

od
el

 t
o 

id
en

tif
y 

an
d 

de
sc

rib
e 

th
e 

hy
dr

od
yn

am
ic

 b
eh

av
io

ur
 o

f 
fe

rr
om

ag
ne

tic
 d

is
pe

rs
e 

sy
st

em
s. A

ck
no

w
le

dg
em

en
ts

Th
e 

co
-�

��
��

��	

�

��
��


��
��

�

��

��
��

���
��

��
��

��
��

��
��

���
��

��
��

�
��

��
��

��
��

���
��

��
��

��
��

��
���

��
��

���
��

��
��

��
���

��
fo

r P
ol

is
h 

Sc
ie

nc
e.

In
fo

rm
at

io
na

l A
ss

es
sm

en
t o

f H
ea

tin
g 

E
ffe

ct
 o

f F
er

rr
om

ag
ne

tic
 D

is
pe

rs
e 

Sy
st

em
s i

n 
R

ot
at

in
g 

M
ag

ne
tic

 F
ie

ld
 

R
. R

ak
oc

zy
* , S

. M
as

iu
k

Sz
cz

ec
in

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y,

 In
st

itu
te

 o
f C

he
m

ic
al

 E
ng

in
ee

ri
ng

 a
nd

 E
nv

ir
on

m
en

ta
l P

ro
te

ct
io

n 
Pr

oc
es

s,
 a

l. 
Pi

as
tó

w
 4

2,
 7

1-
06

5 
Sz

cz
ec

in

Fe
rr

om
ag

ne
tic

 d
is

pe
rs

e 
sy

st
em

s 
ar

e 
a 

ve
ry

 p
ro

m
is

in
g 

to
ol

 fo
r t

ec
hn

ic
al

 o
r b

io
m

ed
ic

al
ap

pl
ic

at
io

ns
. P

ar
tic

ul
ar

ly
, h

ea
t g

en
er

at
io

n 
by

 th
es

e 
pa

rti
cl

es
 in

 a
 r

ot
at

in
g 

m
ag

ne
tic

 f
ie

ld
 m

ay
 

be
 u

se
d 

to
 th

er
m

al
 c

on
tro

l o
f 

he
te

ro
ge

ne
ou

s 
ch

em
ic

al
 r

ea
ct

io
n.

 O
bv

io
us

ly
, t

he
 e

ff
ic

ie
nc

y 
of

 
se

ns
iti

ve
 c

he
m

ic
al

 e
ng

in
ee

rin
g 

pr
oc

es
se

s 
in

cr
ea

se
s 

w
ith

 in
cr

ea
si

ng
 o

f 
ro

ta
tin

g 
m

ag
ne

tic
 fi

el
d 

in
te

ns
ity

. Ex
pe

rim
en

ta
l 

da
ta

ba
se

 o
f 

te
m

pe
ra

tu
re

 v
ar

ia
tio

n 
ob

ta
in

ed
 f

or
 v

ar
io

us
 f

er
ro

m
ag

ne
tic

-
liq

ui
d 

di
sp

er
se

 s
ys

te
m

s 
an

d 
sp

at
ia

l 
di

st
rib

ut
io

n 
of

 m
ag

ne
tic

 i
nd

uc
tio

n 
ve

ct
or

w
er

e 
us

ed
 t

o 
an

al
yt

ic
al

 d
es

cr
ib

e 
of

 a
pp

ea
rin

g 
th

er
m

al
 e

ff
ec

t.
In

 o
rd

er
 t

o 
as

se
ss

m
en

t 
of

 t
hi

s 
ef

fe
ct

 i
n 

ge
ne

ra
te

d 
di

sp
er

se
 s

ys
te

m
s 

w
as

 a
pp

lie
d 

a 
no

ve
l 

la
bo

ra
to

ry
 s

et
-u

p 
w

ith
 t

he
 g

en
er

at
or

 o
f 

el
ec

tro
m

ag
ne

tic
 f

ie
ld

.T
em

pe
ra

tu
re

 f
lu

ct
ua

tio
n 

at
 ti

m
e 

du
ra

tio
n 

of
 p

ro
ce

ss
 g

en
er

at
io

n 
of

 th
e 

di
sp

er
se

 s
ys

te
m

s
w

er
e 

m
ea

su
re

d 
in

 m
an

y 
po

in
ts

 o
f 

bu
lk

 u
si

ng
 i

nn
ov

at
e 

ve
ry

 s
en

si
tiv

ity
 

de
vi

ce
.T

he
 e

le
ct

ric
 s

ig
na

ls
 f

ro
m

 m
ic

ro
pr

oc
es

so
r 

te
m

pe
ra

tu
re

 s
en

so
rs

w
er

e 
tra

ns
fo

rm
ed

 b
y 

sp
ec

ia
l 

th
er

m
al

 t
ra

ns
du

ce
rs

 a
nd

 p
as

se
d 

th
ro

ug
h 

co
nv

er
te

r 
to

 p
er

so
na

l 
co

m
pu

te
r 

fo
r 

fu
rth

er
 

m
at

he
m

at
ic

al
 a

na
ly

si
s. 

Th
e 

ob
ta

in
ed

 e
xp

er
im

en
ta

l 
da

ta
ba

se
 o

f 
te

m
pe

ra
tu

re
 v

ar
ia

tio
ns

 m
ay

 b
e 

tre
at

ed
 a

s 
di

sc
re

te
 s

to
ch

as
tic

 p
ro

ce
ss

es
. 

Th
us

, 
th

e 
in

fo
rm

at
io

na
l 

en
tro

py
 m

ay
 b

e 
pe

rf
ec

tly
 u

se
d 

to
 

as
se

ss
m

en
t 

of
 t

he
 t

he
rm

al
 s

ta
te

 o
f 

ge
ne

ra
te

d 
di

sp
er

se
 s

ys
te

m
 w

ith
 t

he
 f

er
ro

m
ag

ne
tic

 s
ol

id
 

ph
as

e.
 T

hi
s 

in
fo

rm
at

io
na

l c
ha

ra
ct

er
is

tic
 is

 d
ef

in
ed

 b
y 

us
in

g 
st

at
is

tic
al

 a
ve

ra
gi

ng
 o

pe
ra

to
r. 

Th
e

ap
pr

oa
ch

 p
re

se
nt

ed
 in

 th
is

 w
or

k 
sh

ou
ld

 b
e 

tre
at

ed
 a

s 
in

te
re

st
in

g 
al

te
rn

at
iv

e 
to

 th
e 

de
sc

rip
tio

n 
ba

si
ng

 
on

 
cl

as
si

ca
l 

m
et

ho
ds

. 
M

or
eo

ve
r, 

th
e 

co
nn

ec
te

d 
in

fo
rm

at
io

na
l 

an
d 

st
at

is
tic

al
 

ch
ar

ac
te

ris
tic

s 
m

ay
 b

e 
us

ed
 f

or
 o

pt
im

iz
at

io
n 

pr
ob

le
m

s 
of

 e
ng

in
ee

rin
g 

pr
oc

es
s 

as
 w

el
l 

as
 

ad
op

te
d 

to
 d

yn
am

ic
al

 d
es

cr
ip

tio
n 

of
 h

ea
t 

tra
ns

fe
r 

pr
ob

le
m

s 
in

 a
re

a 
of

 t
he

 b
io

m
ed

ic
al

 
ap

pl
ic

at
io

ns
 o

f t
he

 fe
rr

om
ag

ne
tic

 d
is

pe
rs

e 
sy

st
em

s.

A
ck

no
w

le
dg

em
en

ts
Th

e 
co

-�
��

��
��	


�
��

��

��

��
�


��
��

��
���

��
��

��
��

��
��

��
���

��
��

��
�

��
��

��
��

��
���

��
��

��
��

��
��

���
��

��
���

��
��

��
��

���
��

fo
r P

ol
is

h 
Sc

ie
nc

e.

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

*  c
or

re
sp

on
di

ng
 a

ut
ho

r: 
rr

ak
oc

zy
@

ps
.p

l

#
1

0
6

#
1

0
5



E
xt

ra
ct

io
n 

of
 A

lk
yl

ph
en

ol
s a

nd
 N

on
yl

ph
en

ol
 M

on
o 

an
d 

D
ie

th
ox

yl
at

es
 fr

om
 

W
at

er
 U

si
ng

 M
ag

ne
tic

al
ly

 M
od

ifi
ed

 A
ds

or
be

nt
s 

M
ir

ka
 S

af
ar

ik
ov

a1 , K
ar

el
 K

om
ar

ek
2 , T

om
as

 H
ub

ka
2 , I

vo
 S

af
ar

ik
1 , M

ar
tin

a 
K

an
de

lo
va

2 ,
H

an
a 

K
uj

al
ov

a3

1 D
ep

ar
tm

en
t o

f B
io

m
ag

ne
tic

 T
ec

hn
iq

ue
s, 

In
st

itu
te

 o
f S

ys
te

m
s B

io
lo

gy
 a

nd
 E

co
lo

gy
 A

S 
C

R
,  

N
a 

Sa
dk

ac
h 

7,
 3

70
 0

5 
C

es
ke

 B
ud

ej
ov

ic
e,

 C
ze

ch
 R

ep
ub

lic
: E

-m
ai

l: 
m

irk
as

af
@

us
be

.c
as

.c
z 

2 Fa
cu

lty
 o

f C
he

m
ic

al
 T

ec
hn

ol
og

y,
 U

ni
ve

rs
ity

 o
f  

Pa
rd

ub
ic

e,
 C

ze
ch

 R
ep

ub
lic

 
3 In

st
itu

te
 o

f C
he

m
ic

al
 T

ec
hn

ol
og

y,
 P

ra
gu

e,
 C

ze
ch

 R
ep

ub
lic

 

A
lk

yl
ph

en
ol

s  
ar

e 
 b

as
ic

  m
at

er
ia

ls
  f

or
 th

e 
 p

ro
du

ct
io

n 
 o

f p
ai

nt
s, 

 p
es

tic
id

es
 a

nd
  o

th
er

s.
4-

 N
on

yl
ph

en
ol

 e
th

ox
yl

at
es

 (
N

Pn
EO

) 
sy

nt
he

si
ze

d 
fr

om
 a

 te
ch

ni
ca

l n
on

yl
ph

en
ol

 N
P 

(a
 v

er
y 

co
m

pl
ex

 m
ix

tu
re

 o
f 

22
 i

so
m

er
s)

 a
re

 o
fte

n 
us

ed
 a

s 
no

ni
on

ic
 s

ur
fa

ct
an

ts
 i

n 
ph

ar
m

ac
eu

tic
al

, 
ag

ro
ch

em
ic

al
, 

co
sm

et
ic

, 
te

xt
ile

, 
pe

tro
le

um
 a

nd
 c

he
m

ic
al

 i
nd

us
tri

al
 p

ro
du

ct
io

n.
 R

es
id

ue
s 

of
 

N
Pn

EO
 a

nd
 t

he
ir 

bi
od

eg
ra

da
tio

n 
pr

od
uc

ts
 c

an
 o

cc
ur

 e
ve

ry
w

he
re

 i
n 

th
e 

en
vi

ro
nm

en
t, 

es
pe

ci
al

ly
 in

 s
ur

fa
ce

 w
at

er
, w

he
re

 th
ey

 a
re

 p
ar

tia
lly

 c
on

ve
rte

d 
to

 m
or

e 
pe

rs
is

te
nt

 a
nd

 to
xi

c 
m

et
ab

ol
ite

s. 
 

C
on

ce
nt

ra
tio

ns
 o

f 
N

P,
 N

P1
EO

 a
nd

 N
P2

EO
 i

n 
su

rf
ac

e 
w

at
er

, 
an

d 
in

 w
at

er
 a

fte
r 

bi
od

eg
ra

da
tio

n 
te

st
s 

of
 N

Pn
EO

 a
re

 l
ow

, t
he

re
fo

re
 i

t 
is

 n
ec

es
sa

ry
 t

o 
ac

co
m

pl
is

h 
ex

tra
ct

io
n,

 
cl

ea
n-

up
 a

nd
 e

xt
ra

ct
 c

on
ce

nt
ra

tio
n 

be
fo

re
 c

hr
om

at
og

ra
ph

ic
 s

ep
ar

at
io

n 
an

d 
de

te
rm

in
at

io
n.

 T
he

 
ai

m
 o

f o
ur

 w
or

k 
w

as
 to

 e
xt

ra
ct

 N
P,

 N
P1

EO
 a

nd
 N

P2
EO

 fr
om

 d
iff

er
en

t w
at

er
 s

am
pl

es
 u

si
ng

 
m

ag
ne

tic
 so

lid
 p

ha
se

 e
xt

ra
ct

io
n 

an
d 

co
m

pa
re

 th
es

e 
re

su
lts

 w
ith

 li
qu

id
-li

qu
id

 e
xt

ra
ct

io
n 

(L
LE

).
D

iff
er

en
t t

yp
es

 o
f a

ds
or

be
nt

s, 
su

ch
 a

s C
hr

om
os

or
b,

 T
en

ax
, P

or
ap

ak
 a

nd
 C

he
za

ca
rb

 w
er

e 
m

ag
ne

tic
al

ly
 m

od
ifi

ed
 a

nd
 e

xt
ra

ct
io

n 
pa

ra
m

et
er

s w
er

e 
op

tim
iz

ed
 (s

or
pt

io
n 

2 
m

in
; e

lu
tio

n 
by

 1
 

m
l m

et
ha

no
l, 

1 
m

in
). 

Th
e 

ta
rg

et
 a

na
ly

te
s 

w
er

e 
is

ol
at

ed
 f

ro
m

 s
pi

ke
d 

di
st

ill
ed

 a
nd

 ta
p 

w
at

er
, 

re
al

 s
am

pl
es

 f
ro

m
 r

iv
er

 L
ab

e 
an

d 
th

e 
re

se
rv

oi
r 

R
oz

ko
s 

an
d 

fr
om

 w
at

er
 p

ha
se

 a
fte

r 
bi

od
eg

ra
da

tio
n 

te
st

s 
of

 o
xy

et
hy

la
te

d 
no

ny
lp

he
no

ls
. E

xt
ra

ct
s 

of
 p

ol
lu

ta
nt

s 
w

er
e 

an
al

ys
ed

 b
y 

ca
pi

lla
ry

 g
as

 c
hr

om
at

og
ra

ph
y 

(C
G

C
). 

 
M

ag
ne

tic
 s

ol
id

 p
ha

se
 e

xt
ra

ct
io

n 
se

em
s 

to
 b

e 
a 

su
ita

bl
e 

m
et

ho
d 

fo
r 

fa
st

 e
xt

ra
ct

io
n 

of
 

al
ky

lp
he

no
ls

 w
ith

 m
id

dl
e 

le
ng

th
 a

lk
yl

s 
an

d 
ox

ye
th

yl
at

ed
 n

on
yl

ph
en

ol
s 

w
ith

 o
ne

 o
r 

tw
o 

ox
ye

th
yl

at
ed

 g
ro

up
s 

fr
om

 w
at

er
 s

am
pl

es
. M

ag
ne

tic
al

ly
 m

od
ifi

ed
 C

he
za

ca
rb

 B
 is

 a
pp

ro
pr

ia
te

 
fo

r 
ex

tra
ct

io
n 

N
P1

EO
 a

nd
 N

P2
EO

 to
 a

ch
ie

ve
 r

ec
ov

er
y 

98
%

. F
or

 e
xt

ra
ct

io
n 

of
 N

P 
te

ch
ni

ca
l 

m
ix

tu
re

, m
ag

ne
tic

 C
hr

om
os

or
b 

10
3 

w
as

 u
se

d 
w

ith
 th

e 
re

co
ve

ry
 9

6%
. T

he
 re

su
lts

 a
re

 s
im

ila
r 

to
 L

LE
 w

ith
 th

e 
re

co
ve

ry
 o

f N
P1

EO
 a

nd
 N

P2
EO

 9
3-

95
%

 a
nd

 N
P 

te
ch

ni
ca

l m
ix

tu
re

 8
8%

. T
he

 
co

nc
en

tra
tio

n 
of

 n
on

yl
ph

en
ol

s i
n 

re
al

 su
rf

ac
e 

w
at

er
 sa

m
pl

es
 w

as
 u

nd
er

 th
e 

de
te

ct
io

n 
lim

it,
 b

ut
 

N
P1

EO
 a

nd
 N

P2
EO

 w
er

e 
de

te
ct

ed
 (

1.
5 

- 
2.

2 
!g

/l)
 b

y 
bo

th
 m

et
ho

ds
. I

t i
s 

ob
vi

ou
s, 

th
at

 L
LE

 
ca

n 
be

 s
up

er
se

de
d 

by
 M

SP
E,

 b
es

id
es

, M
SP

E 
is

 m
or

e 
ec

on
om

ic
al

, f
as

te
r a

nd
 le

ss
 d

em
an

di
ng

 
th

an
 L

LE
 a

nd
 it

 is
 e

sp
ec

ia
lly

 su
ita

bl
e 

fo
r e

m
ul

si
on

 fo
rm

in
g 

sa
m

pl
es

. 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 

C
hr

om
at

og
ra

m
 o

f t
ec

hn
ic

al
 m

ix
tu

re
 o

f  
4-

no
ny

lp
he

no
ls

 a
nd

 4
-n

on
yl

ph
en

ol
  

m
on

o-
 a

nd
 d

ie
th

ox
yl

at
es

. M
 =

 M
et

ha
no

l; 
 

O
 =

 4
-te

rt-
oc

ty
lp

he
no

l; 
N

 =
 N

Pt
ec

h.
;  

1 
= 

N
P1

EO
; 2

 =
 N

P2
EO

L
ac

ca
se

-f
un

ct
io

na
liz

ed
m

ag
ne

tic
be

ad
sf

or
bi

ot
ec

hn
ol

og
y

ap
pl

ic
at

io
ns

Ja
na

R
ot

ko
vá

a ,R
om

an
a

Su
la

ko
va

b ,P
av

la
Zd

ra
zi

lo
va

c ,L
uc

ie
K

or
ec

ka
c,

M
iro

sl
av

a
Ja

nd
ov

ac ,
Jir

iL
en

fe
ld

d ,D
an

ie
lH

or
ak

d ,Z
uz

an
a

B
ilk

ov
ac*

E
m

ai
l:

Z
uz

an
a.

B
ilk

ov
a@

up
ce

.c
z

a D
pt

.o
fA

na
ly

tic
al

C
he

m
ist

ry
,U

ni
ve

rs
ity

of
Pa

rd
ub

ic
e,

Pa
rd

ub
ic

e,
C

ze
ch

Re
pu

bl
ic

b D
pt

.o
f T

ec
hn

ol
og

y
of

O
rg

an
ic

C
om

po
un

ds
,U

ni
ve

rs
ity

of
Pa

rd
ub

ic
e,

Pa
rd

ub
ic

e,
C

ze
ch

Re
pu

bl
ic

c D
pt

.o
fB

io
lo

gi
ca

la
nd

Bi
oc

he
m

ic
al

Sc
ie

nc
es

,U
ni

ve
rs

ity
of

Pa
rd

ub
ic

e,
Pa

rd
ub

ic
e,

C
ze

ch
Re

pu
bl

ic
d In

st
itu

te
of

M
ac

ro
m

ol
ec

ul
ar

C
he

m
is

tr
y,

Ac
ad

em
y

of
Sc

ie
nc

es
of

th
e

C
ze

ch
Re

pu
bl

ic
,P

ra
gu

e,
C

ze
ch

Re
pu

bl
ic

En
zy

m
e

la
cc

as
e,

a
m

ul
ti-

co
pp

er
en

zy
m

e,
ca

ta
ly

zi
ng

th
e

ox
id

at
io

n
of

p-
di

ph
en

ol
s

w
ith

th
e

co
nc

om
ita

nt
re

du
ct

io
n

of
m

ol
ec

ul
ar

ox
yg

en
to

w
at

er
,

ha
s

be
en

al
re

ad
y

us
ed

fo
r

de
gr

ad
at

io
n

of
az

od
ye

s
[1

].
Th

is
w

ay
of

de
gr

ad
at

io
n

is
no

tc
on

ve
ni

en
t

in
te

xt
ile

in
du

st
ry

by
re

as
on

of
co

nt
am

in
at

io
n

an
d

lo
w

st
ab

ili
ty

of
fr

ee
fo

rm
of

en
zy

m
e

in
w

as
te

w
at

er
.

O
ne

of
po

ss
ib

le
so

lu
tio

n
ho

w
to

el
im

in
at

e
th

is
fa

ilu
re

is
co

va
le

nt
bi

nd
in

g
of

la
cc

as
e

on
ap

pr
op

ria
te

su
pp

or
t[

2]
.T

he
ch

oi
ce

of
a

m
at

rix
an

d
im

m
ob

ili
za

tio
n

ch
em

ist
ry

is
ke

y
fa

ct
or

s
in

flu
en

ci
ng

qu
al

ity
of

th
e

en
zy

m
e

re
ac

to
r,

th
e

sc
op

e
of

fin
al

ap
pl

ic
at

io
ns

an
d/

or
pr

oc
es

s
au

to
m

at
io

n.
To

in
cr

ea
se

th
e

op
er

at
io

na
la

nd
sto

ra
ge

st
ab

ili
ty

of
im

m
ob

ili
ze

d
bi

oa
ct

iv
e

en
zy

m
e

m
ol

ec
ul

es
th

e
gr

ou
p

w
ith

re
la

tiv
el

y
lo

w
oc

cu
rr

en
ce

in
th

e
pr

ot
ei

n
m

ol
ec

ul
e

an
d

in
kn

ow
n

lo
ca

tio
ns

aw
ay

fro
m

ac
tiv

e 
sit

es
ca

n
be

us
ed

fo
ro

rie
nt

ed
im

m
ob

ili
za

tio
n

[3
,4

].
En

zy
m

e
la

cc
as

e
(E

C
1.

10
.3

.2
,

p-
di

ph
en

ol
: 

O
2

ox
id

or
ed

uc
ta

se
)

fro
m

w
hi

te
ro

t
fu

ng
i

Tr
am

et
es

ve
rs

ic
ol

or
(T

.
v.

)
an

d
Py

cn
op

or
us

ci
nn

ab
ar

in
us

(P
.

c.
),

w
er

e
im

m
ob

ili
ze

d
on

to
va

rio
us

ty
pe

s
of

m
ag

ne
tic

be
ad

s
(d

iff
er

in
g

in
m

at
er

ia
l,

si
ze

,p
or

os
ity

,s
ur

fa
ce

m
od

ifi
ca

tio
n)

,
ei

th
er

or
ie

nt
ed

ly
by

gl
yc

os
id

ic
ch

ai
n

or
ra

nd
om

ly
th

ro
ug

h
am

in
o-

or
ca

rb
ox

y-
fu

nc
tio

n
m

oi
et

ie
s.

Th
e

hi
gh

es
t

la
cc

as
e

ac
tiv

ity
w

as
ac

hi
ev

ed
on

th
e

m
ag

ne
tic

m
ac

ro
po

ro
us

be
ad

ce
llu

lo
se

an
d

its
hy

dr
az

id
e

de
riv

at
iv

e
fo

rm
w

ith
fin

al
ac

tiv
ity

0.
22

±
0.

00
5

I.U
./m

la
nd

0.
63

±
0.

11
I.U

./m
lo

fs
et

tle
d

ca
rr

ie
r,

re
sp

ec
tiv

el
y.

Th
e

ac
tiv

ity
of

la
cc

as
e

w
as

m
ea

su
re

d
ki

ne
tic

al
ly

us
in

g
tw

o
su

bs
tra

te
s:

sy
rin

ga
ld

az
in

e
an

d
2,

2′
-a

zi
no

-b
is(

3-
et

hy
lb

en
zo

th
ia

zo
lin

e-
6-

su
lfo

ni
c

ac
id

)
di

am
m

on
iu

m
sa

lt.
 T

he
hi

gh
er

ac
tiv

ity
of

en
zy

m
e

im
m

ob
ili

ze
d

on
hy

dr
az

id
e

de
riv

at
iv

e
of

th
e

ca
rr

ie
rc

on
fir

m
ed

th
e

pr
of

it
fro

m
or

ie
nt

ed
im

m
ob

ili
za

tio
n.

Fi
na

lly
,m

od
el

an
th

ra
qu

in
on

e
dy

e
(A

N
TD

)
so

lu
tio

n
w

as
de

gr
ad

ed
by

la
cc

as
e

of
m

or
e

th
an

60
%

by
fo

rm
at

io
n

of
ne

w
pr

od
uc

ts
.

D
eg

ra
da

tio
n

of
az

o
dy

e
(D

ye
I)

so
lu

tio
n

be
st

pr
oc

ee
de

d
at

pH
3

an
d

dy
e

w
as

de
co

lo
riz

ed
fr

om
10

%
.D

eg
ra

da
tio

n
of

D
ye

I
w

as
no

tq
ui

te
ef

fe
ct

iv
e

al
th

ou
gh

dy
es

of
th

is
ty

pe
ar

e
ea

sy
ox

id
iz

ab
le

.I
tw

ou
ld

be
de

sir
ab

le
to

st
ud

y
fu

rth
er

th
e

ef
fe

ct
of

m
ed

ia
to

r,
e.

g.
A

B
TS

,o
n

dy
e

de
co

lo
riz

at
io

n.
Pr

ep
ar

ed
la

cc
as

e
re

ac
to

r
is

ve
ry

st
ab

le
,r

et
ai

ns
hi

gh
en

zy
m

e
ac

tiv
ity

fo
ra

tl
ea

st
on

e
m

on
th

.

A
ck

no
w

le
dg

em
en

ts
Th

e
au

th
or

s
w

ith
to

ac
kn

ow
le

dg
e

th
e

M
in

is
try

of
Ed

uc
at

io
n

(M
SM

00
21

62
75

02
)

fo
r

fin
an

ci
al

su
pp

or
t

of
re

se
ar

ch
pr

og
ra

m
.

[1
]A

ba
du

lla
E.

et
al

.,
A

pp
l.

En
vi

ro
n.

M
ic

ro
b.

,6
6

(2
00

0)
,3

35
7

–
33

62
[2

]P
ic

h
A

.,
et

al
.,

M
ac

ro
m

ol
Bi

os
ci

.2
00

6
A

pr
12

;6
(4

):3
01

-1
0.

[3
]K

or
ec

ká
,L

.e
ta

l.,
J.o

fM
ag

ne
tis

m
an

d
M

ag
ne

tic
M

at
er

ia
ls

29
3

(2
00

5)
,3

49
–

35
7

[4
]B

ílk
ov

á
Z.

et
al

.,
J.

of
C

hr
om

at
og

ra
ph

y
B

77
0

(2
00

2)
17

7-
18

1

#
1

0
8

#
1

0
7



05101520253035404550

M
�P

VA
�N

12
®

M
�P

VA
�A

01
®

M
�P

VA
�A

k2
1®

PV
A

c�
To

s
PV

A
c�

CH
O

D
yn

ab
ea

ds
®

μg�antibody�/�mg�particles

Sp
ec

ifi
c�

bi
nd

in
g�

ca
pa

ci
tie

s�
of

�d
iff

er
en

t�p
ol

ym
er

�p
ar

tic
le

s

Th
e 

B
io

ba
rc

od
e-

A
ss

ay
 

A
n 

au
to

m
at

ed
 a

pp
ro

ac
h 

fo
r t

he
 u

ltr
as

en
si

tiv
e 

de
te

ct
io

n 
of

 p
ro

te
in

s 

N
. T

he
ila

ck
er

, M
. F

ra
nz

re
b,

 A
.C

.B
. C

at
o,

 S
. B

er
en

sm
ei

er
Fo

rs
ch

un
gs

ze
nt

ru
m

 K
ar

ls
ru

he
 G

m
bH

 
76

02
1 

K
ar

ls
ru

he
, G

er
m

an
y 

S
ev

er
al

 s
ev

er
e 

di
se

as
es

 a
re

 a
ss

oc
ia

te
d 

to
 m

ar
ke

r 
pr

ot
ei

ns
 w

hi
ch

 c
an

 b
e 

fo
un

d 
in

 t
he

 
pa

tie
nt

’s
 

se
ru

m
 

at
 

ve
ry

 
lo

w
 

co
nc

en
tra

tio
ns

. 
Th

e 
de

te
ct

io
n 

of
 

th
es

e 
pr

ot
ei

ns
 

re
qu

ire
s 

au
to

m
at

ed
 a

ss
ay

s,
 w

hi
ch

 a
re

 c
ha

ra
ct

er
is

ed
 b

y 
th

ei
r 

qu
ic

kn
es

s 
an

d 
hi

gh
 s

en
si

tiv
ity

. 
Th

e 
B

io
ba

rc
od

e-
A

ss
ay

 i
s 

a 
po

w
er

fu
l 

ne
w

 m
et

ho
d 

fo
r 

th
e 

de
te

ct
io

n 
of

 b
io

m
ol

ec
ul

es
 (

di
se

as
e 

m
ar

ke
rs

) 
do

w
n 

to
 a

tto
m

ol
ar

 c
on

ce
nt

ra
tio

ns
 (

M
irk

in
 e

t 
al

., 
20

03
). 

D
es

pi
te

 it
s 

at
tra

ct
iv

en
es

s,
 

th
e 

B
io

ba
rc

od
e-

A
ss

ay
 h

as
 n

ot
 b

ee
n 

im
pl

em
en

te
d 

on
 a

 c
om

m
er

ci
al

 p
la

tfo
rm

 u
p 

to
 n

ow
. 

A
pp

ly
in

g 
th

e 
m

ag
ne

tic
 

se
pa

ra
tio

n 
m

od
ul

e 
“c

he
m

ag
ic

 
pr

ep
ito

”
(c

he
m

ag
en

 
B

io
po

ly
m

er
-

Te
ch

no
lo

gi
e 

A
G

) 
fiv

e 
ou

t 
of

 s
ix

 s
te

ps
 o

f 
th

is
 m

ag
ne

tic
 b

ea
d-

ba
se

d 
as

sa
y 

ha
ve

 b
ee

n 
au

to
m

at
ed

. T
he

 a
im

 o
f t

hi
s 

w
or

k 
is

 to
 d

em
on

st
ra

te
 it

s 
hi

gh
 s

en
si

tiv
ity

 a
nd

 q
ui

ck
ne

ss
 b

y 
th

e 
de

te
ct

io
n 

of
 n

ew
 s

ec
re

to
ry

 p
ro

st
at

e 
ca

nc
er

 m
ar

ke
rs

. 

Th
e 

as
sa

y 
(s

ee
 s

ch
em

e 
ab

ov
e)

 is
 b

as
ed

 o
n 

th
e 

m
ut

ua
l r

ec
og

ni
tio

n 
of

 a
n 

an
tig

en
 (

m
ar

ke
r 

pr
ot

ei
n)

 b
y 

tw
o 

an
tib

od
ie

s,
 in

 w
hi

ch
 o

ne
 a

nt
ib

od
y 

is
 c

ou
pl

ed
 to

 a
 g

ol
d-

na
no

pa
rti

cl
e 

an
d 

th
e 

ot
he

r 
on

e 
to

 a
 m

ag
ne

tic
 m

ic
ro

pa
rti

cl
e.

In
 t

he
 p

re
se

nc
e 

of
 a

 t
ar

ge
t 

pr
ot

ei
n 

a 
m

ag
ne

tic
 

m
ic

ro
pa

rti
cl

e 
an

d 
a 

go
ld

-n
an

op
ar

tic
le

 f
or

m
 a

 c
om

pl
ex

. 
A

ll 
no

n-
m

ag
ne

tic
 c

om
po

ne
nt

s 
lik

e 
ex

ce
ss

 g
ol

d-
na

no
pa

rti
cl

es
 o

r 
se

ru
m

 c
om

po
ne

nt
s 

ar
e 

re
m

ov
ed

 b
y 

m
ag

ne
tic

 s
ep

ar
at

io
n.

 
D

et
ec

tio
n 

oc
cu

rs
 in

di
re

ct
ly

 v
ia

 s
pe

ci
fic

 d
ou

bl
e 

st
ra

nd
ed

 D
N

A
-s

eq
ue

nc
es

 b
ou

nd
 to

 th
e 

go
ld

-
na

no
pa

rti
cl

e.
 T

he
 B

ar
co

de
-D

N
A

 i
s 

th
en

 a
m

pl
ifi

ed
 a

nd
 q

ua
nt

ifi
ed

 b
y 

po
ly

m
er

as
e 

ch
ai

n 
re

ac
tio

n 
(P

C
R

). 

Th
e 

sp
ec

ifi
ci

ty
 

an
d 

se
ns

iti
vi

ty
 

of
 

th
e 

as
sa

y 
de

pe
nd

 o
n 

bo
th

, a
nt

ib
od

y 
bi

nd
in

g 
ca

pa
ci

tie
s 

of
 

th
e 

m
ag

ne
tic

 
pa

rti
cl

es
 

an
d 

su
rfa

ce
 

fu
nc

tio
na

lis
at

io
n 

of
 

th
e 

be
ad

s 
to

 
re

du
ce

 
no

ns
pe

ci
fic

 
or

 
fa

ls
e 

po
si

tiv
e 

si
gn

al
s.

 
B

y 
ex

pe
rim

en
ta

l 
co

m
pa

ris
on

 
of

 
co

m
m

er
ci

al
 

m
ic

ro
pa

rti
cl

es
 w

ith
 s

el
f-m

ad
e 

po
ly

vi
ny

l a
ce

ta
te

 
pa

rti
cl

es
 

(P
V

A
c)

, 
co

m
pr

is
in

g 
en

ca
ps

ul
at

ed
 

m
ag

ne
tit

e 
na

no
cr

ys
ta

ls
, 

P
V

A
c-

pa
rti

cl
es

 w
er

e 
fo

un
d 

to
 g

en
er

at
e 

le
ss

 u
ns

pe
ci

fic
 b

ac
kg

ro
un

d 
si

gn
al

s.

A
s 

a 
m

od
el

 s
ys

te
m

 w
e 

w
or

k 
w

ith
 t

he
 w

el
l 

es
ta

bl
is

he
d 

an
tig

en
 P

S
A

 (
pr

os
ta

te
 s

pe
ci

fic
 

an
tig

en
), 

w
hi

ch
 s

ub
se

qu
en

tly
 w

ill
 b

e 
re

pl
ac

ed
 b

y 
ne

w
 s

ec
re

to
ry

 p
ro

st
at

e 
ca

nc
er

 m
ar

ke
rs

, 
re

ce
nt

ly
 

fo
un

d 
at

 
th

e 
In

st
itu

te
 

fo
r 

To
xi

co
lo

gy
 

an
d 

G
en

et
ic

s 
at

 
th

e 
re

se
ar

ch
 

ce
nt

er
 

Fo
rs

ch
un

gs
ze

nt
ru

m
 K

ar
ls

ru
he

. 
Th

es
e 

ne
w

 c
an

ce
r 

m
ar

ke
rs

 a
re

 p
ro

m
is

in
g 

ca
nd

id
at

es
 t

o 
re

pl
ac

e 
th

e 
am

bi
gu

ou
s 

pr
os

ta
te

 c
an

ce
r 

m
ar

ke
r 

P
S

A
, w

hi
ch

 m
ay

 le
ad

 to
 b

ot
h 

fa
ls

e 
ne

ga
tiv

e 
an

d 
fa

ls
e 

po
si

tiv
e 

di
ag

no
se

s 
(D

ea
rn

al
ey

 e
t a

l. 
19

99
, K

lo
tz

 1
99

7)
. 

Fi
g.
1:

�
Po

ly
vi

ny
l�

ac
et

at
e�

(P
VA

c)
�

an
d�

po
ly

st
yr

en
e�

pa
rt

ic
le

s�
w

ith
�t

os
yl

�a
ct

iv
at

io
n�

sh
ow

�h
ig

he
r�

an
tib

od
y�

bi
nd

in
g�

ca
pa

ci
tie

s�
th

an
�p

ol
yv

in
yl

�a
lc

oh
ol

�p
ar

tic
le

s.

m
ag

ne
tic

�
m

ic
ro

pa
rt

ic
le

�
w

ith
�a

nt
ig

en
�

m
ar

ke
r�

pr
ot

ei
n�

(a
nt

ig
en

)�

go
ld

�n
an

op
ar

tic
le

�
w

ith
�a

nt
ib

od
y�

�
an

d�
Ba

rc
od

e�
D

N
A

�

Ba
rc

od
e�

D
N

A

de
te

ct
io

n

#
1

1
0

#
1

0
9



U
se

 o
f 

SD
S 

to
 E

nh
an

ce
 t

he
 P

en
et

ra
ti

on
 o

f 
M

ag
ne

ti
c 

N
an

op
ar

ti
cl

es
 in

to
 

Sw
ol

le
n 

P
ol

ys
ty

re
ne

 f
or

 t
he

 P
re

p
ar

at
io

n 
of

 M
ag

ne
ti

c 
P

ol
ym

er
 

M
ic

ro
sp

he
re

s 

T
in

g-
H

ao
 C

hu
ng

 a
nd

 W
en

-C
hi

en
 L

ee
* 

D
ep

ar
tm

en
t o

f C
he

m
ic

al
 E

ng
in

ee
rin

g,
 N

at
io

na
l C

hu
ng

 C
he

ng
 U

ni
ve

rs
ity

, C
hi

ay
i, 

TA
IW

A
N

 

M
ag

ne
tic

 p
ol

ym
er

 m
ic

ro
sp

he
re

s 
co

ul
d 

be
 p

re
pa

re
d 

by
 a

 s
w

el
lin

g 
an

d 
pe

ne
tra

tin
g 

pr
oc

es
s 

w
ith

 p
ol

ys
ty

re
ne

 (
PS

) 
pa

rti
cl

es
 o

f 
m

ic
ro

n 
si

ze
 a

s 
th

e 
se

ed
s. 

 A
n 

aq
ue

ou
s 

so
lu

tio
n 

of
 N

-m
et

hy
l-2

-p
yr

ro
lid

on
e 

(N
M

P)
 w

as
 e

m
pl

oy
ed

 f
or

 t
he

 s
w

el
lin

g 
of

 P
S 

se
ed

s, 
an

d 
in

 a
 fo

llo
w

in
g 

in
cu

ba
tio

n,
 su

pe
rp

ar
am

ag
ne

tic
 ir

on
 o

xi
de

 n
an

op
ar

tic
le

s w
er

e 
al

lo
w

ed
 t

o 
pe

ne
tra

te
 i

nt
o 

th
e 

sw
ol

le
n 

pa
rti

cl
es

. 
 T

he
 h

ig
he

r 
th

e 
co

nc
en

tra
tio

n 
of

 
m

ag
ne

tic
 n

an
op

ar
tic

le
s 

in
cu

ba
te

d 
w

ith
 s

w
ol

le
n 

PS
 p

ar
tic

le
s, 

th
e 

hi
gh

er
 th

e 
sa

tu
ra

tio
n 

m
ag

ne
tiz

at
io

n 
of

 t
he

 r
es

ul
ta

nt
 p

ol
ym

er
 m

ag
ne

tic
 m

ic
ro

sp
he

re
s. 

 T
he

 s
el

ec
tio

n 
of

 a
 

pr
op

er
 p

ro
po

rti
on

 o
f 

N
M

P 
to

 w
at

er
 w

as
 c

ru
ci

al
 s

in
ce

 N
M

P 
co

ul
d 

al
so

 p
ar

tia
lly

 
di

ss
ol

ve
 th

e 
po

ly
st

yr
en

e 
pa

rti
cl

es
. T

he
 p

re
se

nc
e 

of
 s

od
iu

m
 d

od
ec

yl
 s

ul
fa

te
 (

SD
S)

 in
 

th
e 

N
M

P 
aq

ue
ou

s 
so

lu
tio

n 
co

ul
d 

si
gn

ifi
ca

nt
ly

 e
nh

an
ce

 th
e 

sw
el

lin
g 

an
d 

pe
ne

tra
tin

g 
pr

oc
es

s. 
 S

in
ce

 it
 c

ou
ld

 fa
ci

lit
at

e 
th

e 
di

ffu
si

on
 o

f N
M

P 
in

to
 th

e 
po

ly
m

er
 p

ar
tic

le
s, 

th
e 

us
e 

of
 S

D
S 

re
du

ce
d 

th
e 

pr
oc

es
s 

tim
e 

so
 th

at
 th

e 
pr

od
uc

t y
ie

ld
 w

as
 ra

is
ed

 w
ith

 a
 lo

w
er

 
co

nc
en

tra
tio

n 
of

 N
M

P.
 

0510152025

0
20

40
60

80
C

on
c.

 o
f M

ag
ne

tic
 N

an
op

ar
tic

le
s 

 (m
g/

m
l)

Saturation Magnetization
(emu/g)

In
flu

en
ce

 o
f a

pp
lie

d 
m

ag
ne

tic
 n

an
op

ar
tic

le
s c

on
ce

nt
ra

tio
n 

on
 th

e 
sa

tu
ra

tio
n 

m
ag

ne
tiz

at
io

n 
of

 th
e 

re
su

lta
nt

 m
ic

ro
sp

he
re

s p
re

pa
re

d 
w

ith
 S

D
S.

 

O
ne

 p
ot

 sy
nt

he
si

s o
f w

at
er

-s
ol

ub
le

 c
ar

bo
xy

l f
un

ct
io

na
liz

ed
 m

ag
ne

tic
 

na
no

cr
ys

ta
l c

lu
st

er
 v

ia
 p

ol
yo

l m
et

ho
d 

C
ha

ng
m

in
g 

C
he

ng
, Y

in
hu

i W
en

, N
in

g 
Su

n,
 X

ue
fe

i X
u 

an
d 

H
on

gc
he

n.
G

u*

N
an

o 
bi

om
ed

ic
in

e 
re

se
ar

ch
 c

en
te

r, 
M

ed
-X

 r
es

ea
rc

h 
in

st
itu

te
, 

Sh
an

gh
ai

 J
ia

oT
on

g 
un

iv
er

si
ty

, 
Sh

an
gh

ai
, 2

00
24

0,
 P

.R
.C

hi
na

 

A
bs

tr
ac

t
Th

e 
m

ag
ne

tis
m

 a
nd

 s
ur

fa
ce

 p
ro

pe
rty

 o
f 

m
ag

ne
tic

 n
an

om
at

er
ia

ls
 is

 e
ss

en
tia

l f
or

 it
s 

ap
pl

ic
at

io
n 

in
 

bi
om

ed
ic

in
e,

 s
uc

h 
as

 i
n 

im
m

un
oa

ss
ay

s, 
bi

os
ep

ar
at

io
n,

 d
ru

g 
or

 g
en

e 
de

liv
er

y,
 a

nd
 m

ag
ne

tic
 

re
so

na
nc

e 
im

ag
in

g 
[1

]. 
H

er
ei

n,
 w

e 
re

po
rt 

a 
fa

ci
le

 s
tra

te
gy

 to
 s

yn
th

es
iz

e 
ca

rb
ox

yl
 f

un
ct

io
na

liz
ed

 
w

at
er

-s
ol

ub
le

 m
ag

ne
tic

 n
an

oc
ry

st
al

 c
lu

st
er

 (
M

N
C

) 
vi

a 
po

ly
ol

 m
et

ho
d.

 I
n 

a 
ty

pi
ca

l 
sy

nt
he

si
s, 

Fe
C

l 3·
6H

2O
 (i

ro
n 

re
so

ur
ce

) w
as

 c
om

pl
et

el
y 

di
ss

ol
ve

d 
in

 3
0m

L 
et

hy
le

ne
 g

ly
co

l t
o 

fo
rm

 a
 u

ni
fo

rm
 

so
lu

tio
n 

un
de

r u
ltr

as
on

ic
 a

nd
 v

ig
or

ou
s s

tir
rin

g,
 fo

llo
w

ed
 b

y 
ad

di
tio

n 
a 

am
ou

nt
 o

f s
od

iu
m

 c
itr

at
e 

as
 

su
rf

ac
ta

nt
 a

nd
 u

re
a 

as
 b

as
e.

 T
he

n,
 t

he
 u

ni
fo

rm
 m

ix
tu

re
 s

ol
ut

io
n 

w
as

 s
ea

le
d 

in
 a

 T
ef

lo
n 

lin
ed

 
st

ai
nl

es
s-

st
ee

l 
au

to
cl

av
e 

(5
0 

m
L 

ca
pa

ci
ty

) 
an

d 
he

at
ed

 a
t 

20
0

 f
or

 6
~8

h,
 t

he
n 

co
ol

 t
o 

ro
om

 
te

m
pe

ra
tu

re
. T

he
 b

la
ck

 p
re

ci
pi

ta
tio

n 
w

as
 w

as
he

d 
se

ve
ra

l t
im

es
 w

ith
 e

th
an

ol
 a

nd
 d

ei
on

iz
ed

 w
at

er
 

to
 r

em
ov

e 
th

e 
im

pu
rit

ie
s. 

Fi
na

lly
, t

he
 p

ro
du

ct
 w

as
 d

is
pe

rs
ed

 a
nd

 s
to

re
d 

in
 d

ei
on

iz
ed

 w
at

er
. T

he
 

ef
fe

ct
s 

of
 t

he
 s

ur
fa

ct
an

t 
on

 t
he

 p
ro

pe
rti

es
 o

f 
M

N
C

 w
er

e 
ca

re
fu

lly
 i

nv
es

tig
at

ed
. T

he
 M

N
C

 w
as

 
pr

ov
ed

 t
o 

be
 m

ag
ne

tit
e 

by
 X

R
D

 a
nd

 i
ts

 g
ra

in
 s

iz
es

 o
f 

M
N

C
 c

al
cu

la
te

d 
fr

om
 (

31
1)

 f
ac

et
 b

y 
Sc

he
rr

er
 fo

rm
ul

a 
w

er
e 

va
rie

d 
fr

om
 1

4.
6n

m
 to

 9
.5

nm
 w

ith
 th

e 
in

cr
ea

se
 o

f s
ur

fa
ct

an
t. 

Fu
rth

er
m

or
e,

 
by

 s
im

pl
y 

ch
an

gi
ng

 th
e 

am
ou

nt
 o

f t
he

 s
ur

fa
ct

an
t i

n 
th

e 
re

ac
tio

n,
 th

e 
si

ze
 o

f M
N

C
s 

w
er

e 
va

rie
d 

in
 

th
e 

ra
ng

e 
fr

om
 8

0~
20

0n
m

. T
he

 s
ur

fa
ce

 c
ha

rg
e 

of
 M

N
C

 w
as

 a
ls

o 
in

ve
st

ig
at

ed
 b

y 
m

ea
su

rin
g 

its
 

ze
ta

 p
ot

en
tia

ls
. 

Th
e 

M
N

C
 s

ho
w

s 
su

pe
rp

ar
am

ag
ne

tic
 p

ro
pe

rty
 a

t 
ro

om
 t

em
pe

ra
tu

re
 a

nd
 i

ts
 

m
ag

ne
tis

m
 c

an
 b

e 
tu

ne
d 

fr
om

 4
0e

m
u/

g 
to

 6
8e

m
u/

g 
w

ith
 t

he
 d

ec
re

as
e 

of
 s

ur
fa

ct
an

t. 
Th

er
ef

or
e,

 
w

ith
 e

xc
el

le
nt

 m
ag

ne
tic

 p
ro

pe
rty

, 
th

e 
w

at
er

-s
ol

ub
le

 M
N

C
 h

as
 g

oo
d 

po
te

nt
ia

ls
 a

pp
lic

at
io

n 
in

 
bi

os
ep

er
at

io
n,

 d
ru

g 
de

liv
er

y 
an

d 
m

ol
ec

ul
ar

 im
ag

in
g.

 

Fi
g.

1.
 A

 r
ep

re
se

nt
at

iv
e 

TE
M

 

im
ag

es
 o

f M
N

C
s

Sc
he

m
e 

1.
 F

or
m

at
io

n 
of

 M
N

C
 i

n 

po
ly

ol
 re

ac
tio

n.
 

-1
00

00
-5

00
0

0
50

00
10

00
0

-8
0

-6
0

-4
0

-2
0020406080

 a
: 0

.1
g 

so
di

um
 c

itr
at

e
 b

: 0
.5

g 
so

di
um

 c
itr

at
e

 c
: 1

.0
g 

so
di

um
 c

itr
at

e

Magnetization (emu/g)

H
 (O

e)

a b c

Fi
g.

2.
 H

ys
te

re
si

s 
lo

op
s 

of
 t

he
 

M
N

C
s 

 m
ea

su
re

d 
at

 3
00

 K
. 

M
N

C
s 

w
er

e 
sy

nt
he

si
ze

d 
w

ith
  

0.
1g

 (
a)

, 0
.5

g 
(b

) 
an

d 
1.

0g
 (

c)
 

so
di

um
 c

itr
at

e ,
 re

sp
ec

tiv
el

y .

N
uc

le
i

G
ro

w
th

M
ag

ne
tit

e
na

no
cr

ys
ta

ls
M

ag
ne

tic
 n

an
oc

ry
st

al
 c

lu
st

er
   

   
   

   
   

(M
N

C
)

Fe
O

O
H

In
te

rm
ed

ia
te

 p
ha

sePh
as

e 
tra

ns
fe

r

M
ag

ne
tit

e

Growth

A
gg

re
ga

te

* 
C

or
re

sp
on

di
ng

 : 
hc

gu
@

sj
tu

.e
du

.c
n 

R
ef

er
en

ce
[1

] 
St

e´
ph

an
e 

M
or

ne
t, 

Se
´b

as
tie

n 
Va

ss
eu

r, 
Fa

bi
en

 G
ra

ss
et

 a
nd

 E
tie

nn
e 

D
ug

ue
t. 

J. 
M

at
er

. C
he

m
., 

20
04

,1
4,

 2
16

1-
21

75
 

#
1

1
2

#
1

1
1



A
 V

er
sa

til
e 

Pa
th

w
ay

 to
 S

ur
fa

ce
 M

od
ifi

ed
 M

ag
ne

tit
e 

N
an

op
ar

tic
le

s 
N

. F
ri

ck
el

, R
. M

es
si

ng
, T

. G
el

br
ic

h,
 A

. M
. S

ch
m

id
t*

 

In
st

itu
t f

ür
 O

rg
an

is
ch

e 
C

he
m

ie
 u

nd
 M

ak
ro

m
ol

ek
ul

ar
e 

C
he

m
ie

, H
ei

nr
ic

h-
H

ei
ne

U
ni

ve
rs

itä
t D

üs
se

ld
or

f, 
U

ni
ve

rs
itä

ts
st

r. 
1,

 D
-4

02
25

 D
üs

se
ld

or
f, 

*E
-M

ai
l: 

sc
hm

id
t.a

nn
et

te
@

un
i-d

ue
ss

el
do

rf
.d

e

Su
pe

rp
ar

am
ag

ne
tic

 n
an

op
ar

tic
le

s 
ar

e 
of

 g
re

at
 i

nt
er

es
t 

in
 v

ar
io

us
 f

ie
ld

s 
of

 f
un

da
m

en
ta

l 
an

d 
ap

pl
ie

d 
re

se
ar

ch
 d

ue
 to

 th
ei

r u
ni

qu
e 

in
te

ra
ct

io
n 

w
ith

 s
ta

tic
 o

r d
yn

am
ic

 e
le

ct
ro

m
ag

ne
tic

 fi
el

ds
. 

B
y 

th
is

, 
th

ey
 g

iv
e 

ris
e 

to
 t

he
 d

ev
el

op
m

en
t 

of
 m

or
e 

co
m

pl
ex

 s
of

t 
m

at
er

ia
ls

 w
ith

 m
ag

ne
tic

 
pr

op
er

tie
s 

by
 th

e 
in

co
rp

or
at

io
n 

of
 m

ag
ne

tic
 n

an
op

ar
tic

le
s 

in
to

 o
rg

an
ic

 o
r p

ol
ym

er
ic

 m
at

ric
es

. 
In

 o
rd

er
 to

 a
ch

ie
ve

 a
 g

oo
d 

co
m

pa
tib

ili
ty

 a
nd

 a
 d

ef
in

ed
 in

te
rf

ac
e,

 it
 is

 d
es

ira
bl

e 
to

 m
od

ify
 th

e 
pa

rti
cl

es
 su

rf
ac

e 
ac

co
rd

in
gl

y 
by

 th
e 

in
tro

du
ct

io
n 

of
 d

iff
er

en
t f

un
ct

io
na

l m
oi

et
ie

s. 
In

 th
e 

pr
es

en
t s

tu
dy

, w
e 

de
m

on
st

ra
te

 th
e 

su
rf

ac
e 

m
od

ifi
ca

tio
n 

of
 F

e 3
O

4 n
an

op
ar

tic
le

s 
w

ith
 

se
ve

ra
l o

rg
an

os
ila

ne
s. 

Th
e 

sy
nt

he
tic

 p
at

hw
ay

 is
 c

om
po

se
d 

of
 a

lk
al

in
e 

pr
ec

ip
ita

tio
n 

of
 F

e 3
O

4
fo

llo
w

ed
 b

y 
th

e 
el

ec
tro

st
at

ic
 s

ta
bi

lis
at

io
n.

 T
he

se
 p

ar
tic

le
s 

se
rv

e 
as

 b
as

is
 m

at
er

ia
l 

fo
r 

th
e 

fo
llo

w
in

g 
or

ga
no

si
la

ne
 m

od
ifi

ca
tio

n.
B

y 
se

le
ct

in
g 

th
e 

fu
nc

tio
na

lit
y 

of
 o

rg
an

os
ila

ne
s, 

th
e 

co
llo

id
al

 p
ro

pe
rti

es
 o

f 
th

e 
pa

rti
cl

es
 c

an
 b

e 
ad

ju
st

ed
. D

ep
en

di
ng

 o
n 

th
e 

su
rf

ac
e 

fu
nc

tio
na

lit
y,

 
th

e 
m

od
ifi

ed
 p

ar
tic

le
s 

ca
n 

be
 u

se
d 

as
 m

ac
ro

co
m

on
om

er
s 

or
 -c

ro
ss

lin
ke

rs
 o

r a
s 

m
ac

ro
in

iti
at

or
s 

fo
r s

ur
fa

ce
 in

iti
at

ed
 p

ol
ym

er
iz

at
io

n.
 

B
y 

us
in

g 
m

et
ha

cr
yl

ox
yp

ro
py

ltr
im

et
ho

xy
si

la
ne

 (
TP

M
) 

as
 s

ur
fa

ce
-m

od
ify

in
g 

ag
en

t, 
w

e 
ob

ta
in

 p
ar

tic
le

 s
ur

fa
ce

 f
un

ct
io

na
liz

at
io

n 
w

ith
 m

on
om

er
 u

ni
ts

 t
ha

t 
ca

n 
pa

rti
ci

pa
te

 i
n 

ra
di

ca
l 

po
ly

m
er

is
at

io
ns

. O
n 

th
e 

on
e 

ha
nd

, w
e 

po
ly

m
er

iz
e 

m
et

hy
lm

et
ha

cr
yl

at
e 

(M
M

A
) i

n 
pr

es
en

ce
 o

f 
th

es
e 

TP
M

-p
ar

tic
le

s 
in

 b
ul

k 
to

 a
ch

ie
ve

 c
om

po
si

te
 m

at
er

ia
ls

. T
he

 p
ar

tic
le

s 
ac

t a
s 

cr
os

sl
in

ke
r 

le
ad

in
g 

to
 s

w
el

la
bl

e 
ne

tw
or

ks
. O

n 
th

e 
ot

he
r h

an
d 

w
e 

sy
nt

he
si

ze
 p

ol
y(

N
-is

op
ro

py
la

cr
yl

am
id

e)
 

(P
N

IP
A

A
m

) c
or

e-
sh

el
l p

ar
tic

le
s i

n 
di

sp
er

si
on

 to
 o

bt
ai

n 
na

no
hy

dr
og

el
s. 

Th
e 

PN
IP

A
A

m
 c

oa
te

d 
pa

rti
cl

es
 a

re
 w

el
l 

di
sp

er
si

bl
e 

in
 w

at
er

 s
ho

w
in

g 
a 

LC
ST

 b
eh

av
io

r 
w

hi
ch

 i
s 

w
el

l 
kn

ow
n 

fo
r 

PN
IP

A
A

m
 in

 w
at

er
.

Fe
3O

4
O Si

O

O
Si

O
Si

O
O

O O
Si O

Si
O

O
Si

O Si
O O

O Si
O

R

R

R

R

R

R

R

R
SiO

O
O

R

- m
et

ha
no

l
 e

th
an

ol
 / 

w
at

er

M
M

A
/A

IB
N

N
IP

A
A

m
 / 

A
IB

N

ac
et

on
e 

/ w
at

er

O
EG

M
A

/ (
Cu

Br
/d

N
bp

y)
D

M
SOR

1 R
1

R
2

O

O C
l

R
1

=

R
2

=

Fi
gu

re
 1

: S
ur

fa
ce

 m
od

ifi
ca

tio
n 

of
 F

e 3
O

4 n
an

op
ar

tic
le

s w
ith

 o
rg

an
os

ila
ne

s o
f v

ar
io

us
 fu

nc
tio

na
lit

y

B
y 

m
od

ifi
ca

tio
n 

of
 t

he
 p

ar
tic

le
 s

ur
fa

ce
 w

ith
 4

-(
ch

lo
rm

et
hy

l)p
ro

py
l-t

rim
et

ho
xy

si
la

ne
 

(C
lP

TS
), 

th
e 

pa
rti

cl
es

 s
er

ve
 a

s 
m

ac
ro

in
iti

at
or

s 
fo

r t
he

   
su

rf
ac

e 
in

iti
at

ed
 a

to
m

 tr
an

sf
er

 ra
di

ca
l 

po
ly

m
er

iz
at

io
n 

(S
I-

A
TR

P)
. T

hi
s w

ay
 w

e 
ar

e 
ab

le
 to

 sy
nt

he
si

ze
 m

ag
ne

tic
 h

yb
rid

 p
ar

tic
le

s w
ith

 
a 

br
us

h 
ar

ch
ite

ct
ur

e.
 B

y 
gr

af
tin

g 
a 

 p
ol

ym
er

ic
 s

he
ll 

of
 p

ol
y(

ol
ig

o(
et

hy
le

ne
gl

yc
ol

)-
m

et
hy

le
th

er
 

m
et

ha
cr

yl
at

e)
 (P

O
EG

M
A

), 
w

e 
ob

ta
in

 m
ag

ne
tic

 p
ol

ym
er

 b
ru

sh
es

 in
st

an
tly

 d
is

pe
rs

ib
le

 in
 p

ol
ar

 
so

lv
en

ts
 li

ke
 D

M
F,

 D
M

SO
 a

nd
 w

at
er

1 .
Th

e 
gr

ea
t 

m
an

ifo
ld

ne
ss

 o
f 

th
e 

ap
pl

ie
d 

m
od

ifi
ca

tio
n 

re
ag

en
ts

 m
ak

es
 t

he
se

 p
ar

tic
le

s 
ac

ce
ss

ib
le

 fo
r a

 w
id

e 
ra

ng
e 

of
 a

pp
lic

at
io

ns
 li

ke
 te

ch
ni

ca
l d

ev
ic

es
 o

r b
io

m
ed

ic
al

 a
pp

ro
ac

he
s. 

1 T.
 G

el
br

ic
h,

 M
. F

ey
en

, a
nd

 A
. M

. S
ch

m
id

t, 
M

ac
ro

m
ol

ec
ul

es
39

, 3
46

9-
34

72
, 2

00
6;

 
 T

. G
el

br
ic

h,
 M

. F
ey

en
, A

. M
. S

ch
m

id
t, 

Ze
its

ch
r. 

Ph
ys

. C
he

m
.2

20
, 4

1-
49

, 2
00

6.
 

Su
pe

rp
ar

am
ag

ne
tic

 N
an

op
ar

tic
le

s I
n 

T
he

 H
yp

er
th

er
m

ia
 T

re
at

m
en

t O
f 

C
an

ce
r 

A
nd

 O
th

er
 M

ed
ic

al
 A

pp
lic

at
io

ns
 

B
. S

. H
aw

ke
tt1 , N

. J
ai

n1 , Y
. W

an
g1 , G

. G
. W

ar
r1 , S

. K
. J

on
es

2

1 Th
e 

K
ey

 C
en

tr
e 

fo
r P

ol
ym

er
 C

ol
lo

id
s, 

C
he

m
is

tr
y 

F1
1,

 th
e 

U
ni

ve
rs

ity
 o

f S
yd

ne
y,

 N
SW

 
20

06
, A

us
tr

al
ia

 (b
.h

aw
ke

tt@
ch

em
.u

sy
d.

ed
u.

au
, h

ttp
://

ww
w.

kc
pc

.u
sy

d.
ed

u.
au

/)
2 Si

rt
ex

 M
ed

ic
al

 L
im

ite
d,

 U
ni

t F
6 

Pa
rk

vi
ew

, 1
6 

M
ar

s R
oa

d,
 L

an
e 

C
ov

e,
 N

SW
 2

06
6,

 
Au

st
ra

lia

Th
e 

po
te

nt
ia

l 
va

lu
e 

of
 s

up
er

pa
ra

m
ag

ne
tic

 n
an

op
ar

tic
le

s 
fo

r 
m

ed
ic

al
 a

pp
lic

at
io

ns
 

su
ch

 a
s 

th
e 

hy
pe

rth
er

m
ia

 t
re

at
m

en
t 

of
 c

an
ce

r 
ha

s 
lo

ng
 b

ee
n 

re
co

gn
iz

ed
. H

ow
ev

er
, t

hi
s 

po
te

nt
ia

l h
as

 n
ot

 b
ee

n 
fu

lly
 r

ea
liz

ed
 in

 th
e 

pa
st

 b
ec

au
se

 o
f 

th
e 

di
ff

ic
ul

tie
s 

in
 a

ch
ie

vi
ng

 
un

ag
gr

eg
at

ed
 d

is
pe

rs
io

ns
 o

f 
th

e 
ve

ry
 h

ig
h 

sp
ec

ifi
c 

su
rf

ac
e 

ar
ea

 s
up

er
pa

ra
m

ag
ne

tic
 

na
no

pa
rti

cl
es

 a
t a

de
qu

at
e 

co
nc

en
tra

tio
ns

 w
ith

in
 p

ol
ym

er
 m

at
rix

 p
ar

tic
le

s. 
In

 th
is

 w
or

k 
w

e 
ha

ve
 d

es
ig

ne
d 

st
ab

ili
zi

ng
 p

ol
ym

er
s 

ba
se

d 
on

 r
ev

er
si

bl
e 

ad
di

tio
n 

fr
ag

m
en

ta
tio

n 
ch

ai
n 

tra
ns

fe
r 

(R
A

FT
) 

co
nt

ro
lle

d 
ra

di
ca

l 
po

ly
m

er
iz

at
io

n 
pr

oc
es

se
s 

to
 l

ar
ge

ly
 o

ve
rc

om
e 

th
es

e 
pr

ob
le

m
s. 

Th
e 

an
at

om
y 

of
 a

 li
ve

r c
an

ce
r t

um
ou

r i
s 

su
ch

 th
at

 3
2 

m
ic

ro
n 

pa
rti

cl
es

 in
je

ct
ed

 in
to

 
th

e 
he

pa
tic

 a
rte

ry
 w

ill
 b

ec
om

e 
lo

dg
ed

 in
 th

e 
bl

oo
d 

ve
ss

el
s 

of
 th

e 
tu

m
ou

r. 
Si

rte
x 

M
ed

ic
al

 
Li

m
ite

d 
ha

s 
su

cc
es

sf
ul

ly
 m

ad
e 

us
e 

of
 th

is
 b

eh
av

io
ur

 in
 th

ei
r 

ra
di

oa
ct

iv
e 

SI
R

-S
ph

er
es

®
 

pr
od

uc
t, 

w
hi

ch
 e

na
bl

es
 th

e 
hi

gh
es

t i
nt

en
si

ty
 o

f t
he

 ra
di

oa
ct

iv
e 

do
se

 to
 b

e 
co

nf
in

ed
 to

 th
e 

tu
m

ou
r 

its
el

f. 
Su

pe
rp

ar
am

ag
ne

tic
 p

ar
tic

le
s 

su
bj

ec
te

d 
to

 a
n 

os
ci

lla
tin

g 
m

ag
ne

tic
 f

ie
ld

 o
f 

ap
pr

op
ria

te
 s

tre
ng

th
 a

nd
 f

re
qu

en
cy

 w
ill

 g
en

er
at

e 
he

at
. 

If
 a

 s
uf

fic
ie

nt
 c

on
ce

nt
ra

tio
n 

of
 

su
pe

rp
ar

am
ag

ne
tic

 n
an

op
ar

tic
le

s 
ca

n 
be

 i
nc

or
po

ra
te

d 
in

to
 p

ol
ym

er
 m

ic
ro

pa
rti

cl
es

 o
f 

ap
pr

op
ria

te
 s

iz
e 

th
ey

 c
an

 b
e 

m
ak

e 
to

 a
cc

um
ul

at
e 

w
ith

in
 t

he
 t

um
ou

r 
by

 t
he

 s
am

e 
m

ec
ha

ni
sm

. 
Th

e 
pa

tie
nt

 c
an

 t
he

n 
be

 p
ut

 i
nt

o 
an

 o
sc

ill
at

in
g 

m
ag

ne
tic

 f
ie

ld
 s

o 
th

at
 t

he
 

pa
rti

cl
es

 g
en

er
at

e 
he

at
 a

nd
 k

ill
 t

he
 t

um
ou

r 
w

ith
 l

itt
le

 c
ol

la
te

ra
l 

da
m

ag
e.

 3
2 

m
ic

ro
n 

pa
rti

cl
es

 h
av

e 
be

en
 p

re
pa

re
d,

 c
on

ta
in

in
g 

ap
pr

ox
im

at
el

y 
10

9  i
nd

iv
id

ua
lly

 s
ta

bi
liz

ed
 

m
ag

ne
tic

 n
an

op
ar

tic
le

s/
m

ic
ro

 p
ar

tic
le

 t
ha

t, 
in

 v
itr

o,
 h

av
e 

ge
ne

ra
te

d 
th

e 
am

ou
nt

 o
f 

he
at

 
ca

lc
ul

at
ed

 to
 b

e 
re

qu
ire

d 
us

in
g 

th
er

ap
eu

tic
al

ly
 a

cc
ep

ta
bl

e 
fie

ld
 st

re
ng

th
 a

nd
 fr

eq
ue

nc
y.

 

Su
pe

rp
ar

am
ag

ne
tic

 n
an

op
ar

tic
le

s 
al

so
 h

av
e 

re
co

gn
iz

ed
 p

ot
en

tia
l 

as
 i

m
ag

in
g 

ag
en

ts
 f

or
 

M
R

I. 
H

ow
ev

er
, t

he
ir 

fu
ll 

po
te

nt
ia

l 
ha

s 
no

t 
ye

t 
be

en
 r

ea
liz

ed
 b

ec
au

se
 o

f 
di

ff
ic

ul
tie

s 
in

 
ad

eq
ua

te
ly

 s
ta

bi
liz

in
g 

su
ff

ic
ie

nt
ly

 s
m

al
l p

ar
tic

le
s 

w
ith

ou
t a

pp
re

ci
ab

ly
 a

dd
in

g 
to

 th
ei

r s
iz

e 
du

e 
to

 t
he

 s
ta

bi
liz

in
g 

co
ro

na
. I

n 
se

pa
ra

te
 w

or
k 

5 
nm

 s
up

er
pa

ra
m

ag
ne

tic
 p

ar
tic

le
s 

ha
ve

 
be

en
 

in
di

vi
du

al
ly

 
st

ab
ili

ze
d 

in
 

co
nc

en
tra

te
d 

sa
lt 

so
lu

tio
n 

at
 

co
nc

en
tra

tio
ns

 
of

 
ap

pr
ox

im
at

el
y 

10
21

 p
ar

tic
le

s/
L.

 T
he

se
 p

ar
tic

le
s 

ar
e 

st
ab

le
 t

o 
di

lu
tio

n 
an

d 
ca

n 
ev

en
 b

e 
di

al
ys

ed
 w

ith
ou

t l
os

s 
of

 s
ta

bi
lit

y.
 N

M
R

 s
tu

di
es

 h
av

e 
sh

ow
n 

th
at

 th
ey

 h
av

e 
po

te
nt

ia
l a

s 
po

si
tiv

e 
co

nt
ra

st
 a

ge
nt

s f
or

 M
R

I. 
   

   
 

#
1

1
3

#
1

1
4



   
   

   
   

  N
ew

  M
et

ho
ds

  o
f  

Ir
on

-B
as

ed
 M

ic
ro

pa
rt

ic
le

s’
 M

od
ifi

ca
tio

n 
an

d 
th

ei
r

   
   

   
   

  A
pp

lic
at

io
n 

fo
r 

H
em

og
lo

bi
n 

A
ds

or
pt

io
n 

   
   

   
   

   
  L

.K
h.

 K
om

is
sa

ro
va

1*
, A

.A
. K

uz
ne

ts
ov

1 , A
.F

. M
ir

on
ov

2 ,  
 A

.G
. Z

ip
ro

vs
ky

2 ,

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  V

.S
. F

eo
fa

no
v2

1
N

.M
. E

m
an

ue
l I

ns
tit

ut
e 

of
 B

io
ch

em
ic

al
 P

hy
si

cs
 o

f 
th

e 
R

us
si

an
 A

ca
de

m
y 

of
 S

ci
en

ce
s, 

 K
os

yg
in

 s
tr.

 4
, 1

11
97

7 

M
os

co
w

, R
us

si
a,

   
 2

M
os

co
w

 S
ta

te
 A

ca
de

m
y 

of
 F

in
e 

C
he

m
ic

al
 T

ec
hn

ol
og

y 
of

  M
.V

. L
om

on
os

ov
, M

os
co

w
, R

us
sia

.  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

* E-
m

ai
l a

dd
re

ss
: k

om
is

sa
ro

va
-lk

h@
m

ai
l.r

u

   
   

  I
t i

s 
kn

ow
n 

th
at

 m
od

ifi
ed

 m
ag

ne
tic

  
m

ic
ro

pa
rti

cl
es

 a
re

 w
id

el
y 

us
ed

 in
 v

ar
io

us
 b

io
m

ed
ic

al
 

an
d 

di
ag

no
st

ic
 a

pp
lic

at
io

ns
. B

es
id

es
, t

he
y 

ca
n 

be
 u

se
d 

fo
r c

le
an

in
g 

of
  b

io
lo

gi
ca

l l
iq

ui
ds

   
(b

lo
od

, 

pl
as

m
a,

 li
qu

or
, d

on
or

 b
lo

od
 a

nd
 p

la
sm

a)
 f

ro
m

 d
iff

er
en

t x
en

ob
io

tic
s 

an
d 

m
et

ab
ol

ite
s, 

e.
g.

 f
re

e 

he
m

og
lo

bi
n.

 

   
  W

e 
ha

ve
 m

od
ifi

ed
 th

e 
kn

ow
n 

m
et

ho
ds

 a
nd

 h
av

e 
w

or
ke

d 
ou

t n
ew

 m
et

ho
ds

 o
f 

re
st

or
ed

-ir
on

,  

m
ag

ne
tit

e 
an

d 
iro

n-
ca

rb
on

 m
ic

ro
pa

rti
cl

es
 s

ur
fa

ce
s’

 m
od

ifi
ca

tio
n.

 T
he

 r
es

to
re

d 
iro

n 
si

ze
d 

0.
06

-

0.
2 

m
km

 w
ith

 9
0%

 m
et

al
lic

 i
ro

n 
co

nt
en

t 
ha

d 
an

 s
at

ur
at

io
n 

m
ag

ne
tiz

at
io

n 
up

 t
o 

16
0 

em
u/

g.
 

C
ar

bo
xi

la
te

-m
od

ifi
ed

  m
ag

ne
tic

 p
ar

tic
le

s 
w

er
e 

ob
ta

in
ed

  b
y 

al
bu

m
in

 o
r g

el
at

in
 c

oa
tin

g 
w

ith
 th

e 

fo
llo

w
in

g 
gl

ut
ar

- 
or

 f
or

m
-a

ld
eh

yd
es

 p
ro

ce
ss

in
g,

 a
ld

eh
yd

e-
m

od
ifi

ed
 -

 b
y 

de
xt

ra
n 

co
at

in
g 

w
ith

 

N
aJ

O
4

ac
tiv

at
io

n.
 T

iC
l 4-

m
od

ifi
ed

 c
om

po
si

te
s 

w
er

e 
ob

ta
in

ed
 b

y 
Ti

C
l 4

ac
tiv

at
in

g 
of

 g
el

at
in

-

co
at

ed
 m

ic
ro

pa
rti

cl
es

. W
e 

ha
ve

 a
ls

o 
go

t i
ro

n 
pa

rti
cl

es
 c

oa
te

d 
by

 d
en

at
ur

at
ed

 b
y 

he
at

in
g 

al
bu

m
in

. 

   
  A

ds
or

pt
io

n 
of

 h
em

og
lo

bi
n 

an
d 

ot
he

r 
su

bs
ta

nc
es

 o
n 

m
od

ifi
ed

 p
ar

tic
le

s 
w

as
 c

ar
rie

d 
ou

t i
n 

a 

ph
ys

io
lo

gi
ca

l s
ol

ut
io

n 
an

d 
in

 a
 m

od
el

 b
io

lo
gi

ca
l l

iq
ui

d 
(0

.6
%

 a
lb

um
in

 in
 p

hy
si

ol
og

ic
al

 so
lu

tio
n)

 

at
 2

00 C
 (

pH
 7

.2
) 

at
 d

iff
er

en
t 

m
as

s 
ra

tio
ns

 o
f 

ad
so

rb
en

t 
to

 h
em

og
lo

bi
n,

 d
ur

in
g 

30
 s

ec
. 

Th
e 

he
m

og
lo

bi
n 

so
rp

tio
n 

ef
fic

ie
nc

ie
s 

at
 t

he
 r

at
io

 o
f 

m
as

s 
ad

so
rb

en
t 

to
 h

em
og

lo
bi

n 
eq

ua
lin

g 
10

, 

re
ac

he
d 

by
 re

st
or

ed
 ir

on
 m

od
ifi

ed
 b

y 
de

na
tu

ra
te

d 
al

bu
m

in
 a

nd
  b

y 
 a

ct
iv

at
ed

 d
ex

tra
n,

 w
er

e 
47

.9
  

%
 a

nd
 3

2.
6%

  
ve

rs
us

 4
4.

6%
 a

nd
 2

5.
0%

 in
 p

hy
si

ol
og

ic
al

 s
ol

ut
io

n 
an

d 
in

 th
e 

m
od

el
 b

io
lo

gi
ca

l 

liq
ui

d,
 r

es
pe

ct
iv

el
y.

 T
he

 h
ig

h 
so

rp
tio

n 
ef

fic
ie

nc
y 

of
 c

oa
te

d 
by

 d
en

at
ur

ed
 a

lb
um

in
 r

es
to

re
d 

iro
n 

(4
9.

7%
) w

as
 sh

ow
n 

fo
r b

ar
bi

tu
ra

te
s. 

It 
w

as
 fo

un
d 

ou
t t

ha
t t

he
 so

rp
tio

n 
ef

fic
ie

nc
y 

of
 h

em
og

lo
bi

n 

an
d 

ot
he

r s
ub

st
an

ce
s c

an
 b

e 
m

uc
h 

in
cr

ea
se

d 
by

 ra
is

in
g 

ad
so

rb
en

t m
as

s o
r b

y 
m

ul
tip

le
 a

ds
or

pt
io

n.
 

Th
e 

m
ec

ha
ni

sm
 o

f 
he

m
og

lo
bi

n 
an

d 
ba

rb
itu

ra
te

s’
 a

bs
or

pt
io

n 
at

 d
iff

er
en

t m
od

ifi
ca

tio
ns

 o
f 

iro
n 

pa
rti

cl
es

 is
 d

is
cu

ss
ed

.

#
1

1
6

#
1

1
5



H
yd

ro
dy

na
m

ic
 F

lo
w

 F
oc

us
in

g:
 A

pp
lic

at
io

ns
 in

 P
ha

rm
ac

eu
tic

al
 S

ci
en

ce
s 

Th
om

as
 S

ch
ne

id
er

1 *,
 U

rs
 O

. H
af

el
i2

1 D
ep

ar
tm

en
t o

f B
io

m
ed

ic
al

 E
ng

in
ee

ri
ng

, C
le

ve
la

nd
 C

lin
ic

 L
er

ne
r 

Re
se

ar
ch

 I
ns

tit
ut

e,
 9

50
0 

Eu
cl

id
 A

ve
., 

C
le

ve
la

nd
, O

hi
o 

44
19

5,
 U

SA
 

2 D
iv

is
io

n 
of

 P
ha

rm
ac

eu
tic

s a
nd

 B
io

ph
ar

m
ac

eu
tic

s, 
Fa

cu
lty

 o
f P

ha
rm

ac
eu

tic
al

 S
ci

en
ce

s, 
Th

e 
U

ni
ve

rs
ity

 o
f 

Br
iti

sh
 C

ol
um

bi
a,

21
46

 E
as

t M
al

l, 
Va

nc
ou

ve
r, 

BC
, V

6T
 1

Z3
 C

AN
AD

A 
*c

or
re

sp
on

di
ng

 a
ut

ho
r (

e-
m

ai
l  

Th
om

as
.S

ch
ne

id
er

.8
1@

gm
x.

ne
t, 

Te
l 1

-2
16

-4
45

-9
34

2)
 

H
yd

ro
dy

na
m

ic
 f

lo
w

 f
oc

us
in

g 
is

 a
 p

ro
m

is
in

g 
m

et
ho

d 
fo

r 
th

e 
ge

ne
ra

tio
n 

of
 m

ic
ro

sp
he

re
s 

fo
r 

co
nt

ro
lle

d 
dr

ug
 d

el
iv

er
y.

 T
he

 p
re

se
nt

 s
tu

dy
 w

as
 c

on
du

ct
ed

 t
o 

sh
ow

 t
he

 f
ea

si
bi

lit
y 

of
 f

lo
w

 
fo

cu
si

ng
 (

Fi
gu

re
 1

) 
to

 e
nc

ap
su

la
te

 th
e 

an
tic

an
ce

r 
dr

ug
 c

am
pt

ot
he

ci
n 

in
 b

io
de

gr
ad

ab
le

 p
ol

ym
er

 
m

ic
ro

sp
he

re
s 

us
in

g 
a 

on
e-

st
ep

 a
pp

ro
ac

h.
 P

ol
y(

D
,L

-la
ct

id
e-

co
-g

ly
co

lid
e)

 (
PL

G
A

) 
an

d 
po

ly
(L

-
la

ct
id

e)
 (

PL
A

) 
w

er
e 

us
ed

 a
s 

th
e 

m
at

rix
 m

at
er

ia
ls

. C
am

pt
ot

he
ci

n 
w

as
 d

is
so

lv
ed

 i
n 

th
e 

di
sp

er
se

 
ph

as
e 

an
d 

m
ic

ro
sp

he
re

s 
w

ith
 a

 m
ea

n 
si

ze
 b

et
w

ee
n 

2 
an

d 
3 

μm
 g

en
er

at
ed

 u
si

ng
 h

yd
ro

dy
na

m
ic

 
flo

w
 f

oc
us

in
g.

 W
he

n 
up

 t
o 

1 
w

t.%
 o

f 
th

e 
dr

ug
 w

as
 a

dd
ed

 t
o 

PL
A

, 
th

e 
dr

ug
 e

nc
ap

su
la

tio
n 

ef
fic

ie
nc

y 
w

as
 6

4%
. 

Fo
r 

PL
G

A
, 

th
e 

dr
ug

 e
nc

ap
su

la
tio

n 
ef

fic
ie

nc
y 

w
as

 b
et

w
ee

n 
39

 a
nd

 4
6%

. 
D

ru
g 

re
le

as
e 

fr
om

 P
LA

 p
ar

tic
le

s 
w

as
 r

ap
id

 a
nd

 c
om

pl
et

e 
w

ith
in

 6
 h

, w
hi

le
 d

ru
g 

re
le

as
e 

fr
om

 
PL

G
A

 p
ar

tic
le

s 
sh

ow
ed

 n
o 

bu
rs

t 
ef

fe
ct

 a
nd

 f
ol

lo
w

ed
 a

 f
irs

t 
or

de
r 

re
le

as
e 

pr
of

ile
. 

Th
e 

en
ca

ps
ul

at
ed

 c
am

pt
ot

he
ci

n 
st

ay
ed

 in
 it

s 
ac

tiv
e 

la
ct

on
e 

fo
rm

, a
s 

sh
ow

n 
by

 H
PL

C
, a

nd
 w

as
 a

bl
e 

to
 

ex
er

t c
el

l t
ox

ic
 e

ff
ec

ts
 a

s s
ho

w
n 

by
 a

 c
el

l v
ia

bi
lit

y 
as

sa
y.

  

Th
e 

en
ca

ps
ul

at
io

n 
of

 a
 h

ig
hl

y 
ac

tiv
e 

dr
ug

 in
 a

 p
ol

ym
er

 m
at

rix
 b

y 
hy

dr
od

yn
am

ic
 fl

ow
 fo

cu
si

ng
 is

 
th

e 
fir

st
 s

te
p 

to
w

ar
ds

 t
he

 l
ar

ge
r 

go
al

 o
f 

ge
ne

ra
tin

g 
bi

od
eg

ra
da

bl
e,

 d
ru

g 
lo

ad
ed

, 
m

ag
ne

tic
 

m
ic

ro
pa

rti
cl

es
 i

n 
a 

co
nt

iu
ou

s 
m

od
e.

 O
ng

oi
ng

 r
es

ea
rc

h 
is

 f
oc

us
ed

 o
n 

th
e 

op
tim

iz
at

io
n 

of
 t

he
 

pa
rti

cl
e 

si
ze

 d
is

tri
bu

tio
n 

an
d 

th
e 

ad
di

tio
n 

of
 s

up
er

pa
ra

m
ag

ne
tic

 ir
on

 o
xi

de
 (

SP
IO

) 
na

no
pa

rti
cl

es
 

to
 th

e 
di

sp
er

se
 p

ha
se

.

B
io

de
gr

ad
ab

le
 d

ru
g-

lo
ad

ed
 m

ag
ne

tic
 m

ic
ro

pa
rti

cl
es

 g
en

er
at

ed
 b

y 
hy

dr
od

yn
am

ic
 f

lo
w

 f
oc

us
in

g 
m

ay
 o

ve
rc

om
e 

ch
al

le
ng

es
 b

y 
th

e 
tra

di
tio

na
l 

pa
rti

cl
e 

ge
ne

ra
tio

n 
m

et
ho

ds
 (

e.
g.

, 
sp

ra
y 

dr
yi

ng
, 

fr
ee

ze
 d

ry
in

g)
 th

at
 u

se
 h

ig
h-

en
er

gy
 p

hy
si

ca
l a

pp
ro

ac
he

s f
or

 th
e 

pa
rti

cl
e 

or
 d

ro
pl

et
 g

en
er

at
io

n.
 

Fi
gu

re
 1

. P
rin

ci
pl

e 
of

 fl
ow

 fo
cu

si
ng

 w
ith

 in
 v

itr
o 

re
le

as
e 

cu
rv

e 
of

 c
am

pt
ot

he
ci

n 
fr

om
 g

en
er

at
ed

 P
LA

 a
nd

 
PL

G
A

 m
ic

ro
sp

he
re

s.

C
O

B
A

L
T

 V
E

R
SU

S 
M

A
G

N
E

T
IT

E
 N

A
N

O
PA

R
T

IC
L

E
S:

 
C

E
L

L
 T

O
X

IC
IT

Y
 A

N
D

 E
FF

IC
IE

N
C

Y
 A

S 
C

O
M

PO
N

E
N

T
S 

O
F 

G
E

N
E

 D
E

L
IV

E
R

Y
 

V
E

C
T

O
R

S 
IN

 V
IT

R
O

 

N
. M

at
ou

ss
ev

itc
h,

 O
. M

yk
ha

yl
yk

1 , H
. B

ön
ne

m
an

n2 , C
. P

la
nk

1

1
In

st
itu

te
 o

f E
xp

er
im

en
ta

l O
nc

ol
og

y,
 T

ec
hn

ic
al

 U
ni

ve
rs

ity
, I

sm
an

in
ge

rs
tr.

 2
2,

 8
16

75
 

M
un

ic
h,

 G
er

m
an

y 
2 Fo

rs
ch

un
gs

ze
nt

ru
m

 K
ar

ls
ru

he
, I

TC
-C

PV
, 7

61
33

 K
ar

ls
ru

he
, G

er
m

an
y 

M
et

al
lic

 C
o-

, 
Fe

-, 
or

 F
e/

C
o-

na
no

pa
rti

cl
es

 e
xh

ib
it 

a 
hi

gh
er

 s
at

ur
at

io
n 

m
ag

ne
tiz

at
io

n 
co

m
pa

re
d 

to
 i

ro
n 

ox
id

e 
ba

se
 n

an
op

ar
tic

le
s. 

Th
er

ef
or

e,
 t

he
y 

ar
e 

co
ns

id
er

ed
 t

o 
ha

ve
 a

 
po

te
nt

ia
l 

fo
r 

nu
m

er
ou

s 
bi

om
ed

ic
al

 a
pp

lic
at

io
ns

 a
s 

ce
ll 

se
pa

ra
tio

n,
 s

ite
-s

pe
ci

fic
 d

ru
g 

ta
rg

et
in

g,
 tu

m
ou

r h
yp

er
th

er
m

ia
, p

ur
ifi

ca
tio

n 
of

 b
io

m
ol

ec
ul

es
. 

In
 th

e 
pr

es
en

t w
or

k 
a 

se
t o

f C
o-

ba
se

d 
an

d 
m

ag
ne

tit
e 

ba
se

d 
na

no
pa

rti
cl

es
 w

ith
 s

im
ila

r c
or

e 
si

ze
 o

f 
ca

. 9
-1

0 
nm

 a
nd

 c
oa

tin
gs

 o
r 

su
rf

ac
e 

m
od

ifi
ca

tio
n 

w
er

e 
sy

nt
he

si
ze

d,
 c

ha
ra

ct
er

iz
ed

 
an

d 
te

st
ed

 r
eg

ar
di

ng
 t

he
ir 

ce
ll 

to
xi

ci
ty

 (
M

TT
-te

st
) 

an
d 

ef
fic

ie
nc

y 
as

 c
om

po
ne

nt
s 

of
 g

en
e 

de
liv

er
y 

ve
ct

or
s f

or
 m

ag
ne

tic
 fo

rc
e 

as
si

st
ed

 tr
an

sf
ec

tio
n 

in
 v

itr
o.

 

Fi
gu

re
 1

. 3
T3

 m
ou

se
 f

ib
ro

bl
as

ts
 v

ia
bi

lit
y 

(M
TT

-te
st

) 
an

d 
Lu

ci
fe

ra
se

 g
en

e 
ex

pr
es

si
on

 a
fte

r 
24

 h
 

ex
po

su
re

 to
 C

o-
ba

se
d 

m
ag

ne
tic

 n
an

om
at

er
ia

ls
 a

nd
 m

ag
ne

tic
 tr

an
sf

ec
tio

n 
co

m
pl

ex
es

.  

Th
e 

re
su

lts
 sh

ow
 th

at
 to

xi
ci

ty
 o

f s
ur

fa
ce

 m
od

ifi
ed

 m
et

al
lic

 p
ar

tic
le

s s
tro

ng
ly

 d
ep

en
ds

 o
n 

th
e 

m
od

e 
an

d 
ty

pe
 o

f 
su

rf
ac

e 
m

od
ifi

ca
tio

n 
as

 w
el

l 
as

 o
n 

th
e 

ce
ll 

ty
pe

. 
To

xi
ci

ty
 o

f 
th
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 D
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 d
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 d
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t c
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 o
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 m
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 p
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l d
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 p
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at
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Intensity of MRI (% of baseline) 
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