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1 Introduction 

Magnetic Assisted Transport of 
P GA Nanoparticles Through a 
Human Round Window 
Membrane Model 
The lack of an effective method for inner ear drug delivery is a clinical problem for the 
prevel1lion and treatment of hearing loss. With technology advances in nanomedicine and 
the LIse of hydrogel.'i, more druS delivery options are becoming available. This study 
tested the feasibility of using a tripartite layer round window membrane (RWM) model to 
evaluate the effectiveness of a magnetic assisted transport olpolv(lactic-co-glycolic acid) 
(PLGA)/superparam£tgnetic iron oxide nanoparticles (SPIONs). A RWM model was con­
structed as a three-cell.laypr model with epithelial cells cultured on both sides of a small 
intestinal submucosal (51:» matrix with fibroblasts seeded within the matrix. PLGA en­
capsulated coumarin-6lSPlON nanoparticles 100 nm in diameter were formulated by an 
oil-in-water emulsionlsolvel1t evaporation fIlethod and puLled through the RWM modeL 
using permanent magnets with a flux density 0.410 T at the pole face. Independent 
variables such as external magnetic force and exposure time, composition of hyaluronic 
acid (HA) hydrogel suspending media. and particle characteristics including magnetic 
susceptibility were slUdied. Magnetic assisted transport of coumarin-6 labeled magnetic 
nanoparti 'Les through the RWM inserts increased 2. I-fold in I h compared with the 
controls. HA hydrogel did prevent particle accumulation on the sl/tiace of RWM in a 
magnetic field but also impaired the mobility of these particles. Greater particle suscep­
tibility or stron/?er external magnetic fieLds did not significantly improve the transmem­
brane transport. A RWM model was designed consisting of a SIS membrane and three 
co-cultured layers of ceLIs, which was structurally and physically similar to the hllman. 
PLGA particles (100 nm) with encapsulated -15 nm SPIONs were transported through 
this model with the assistance of an external magnet, allowing quantitative evaLuation of 
prospective targeted drug deLivery through the RWM via the assistance of a magnetic 
field. [001: 10.1115/14002043] 

Keywords: SIS membrane. inner ear drug deLivery, poly(lactic-co-glycolic acid), super­
paramagnetic nanoparticles, hyaluronic acid hydrogel 

Treatment of auditory and vestibular dysfunction is becoming 
increasingly dependent on targeted inner ear drug delivery. Recent 
advances in molecular therapy and nanotechnology have stimu­
lated the development of a variety of delivery methodologies in­
volving both transtympanic and direct intracochlear infusions 
[1,2]. Hearing loss is a major public health problem. and its treat­
ment with traditional therapy strategies is oflen unsuccessful due 
to limited drug access to the cochlea because of the blood­
labyrinthine barrier. Drug-carrying nanoparticles may help resolve 
this problem because they allow for quamillable and controlled 
drug release, with the potential for targeting specific cell popUla­
tions, and, in some inslances, can be imagee! in vivo [3]. 

Nanoparticles (natural and synthetic) are capable of physiologi­
cally traversing the round window membrane (R M) and 
cochlear membranous partitions and are likely to become useful 
drug deliv'ry platforms. Tamura et ai. [4] found rhodamine­
encapsulated poly(lactic-co-glycolic acid) (PLGA) nanoparticles 
in basal and middle portions of the scalae tympani after applica­
tion to the guinea pi<J RWM via gel foam. anoparticles have 
been demonstrated to readily cross the RWM and quickly incor­
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porate into membranes and cells of the organ of Corti. Ge el al. ['i] 
investigated auomentalion of RWM transfer with magnelic fields 
using P GA-encapsulaled iron oxide nanoparticles placed on the 
RWM in chinchilla. Nanoparticles were subsequently ideotified in 
the scalae tympani and vestibuli, the stria vmcularis, and within 
the organ of Carli includjug inner and outer llair cells and sup­
porling cells. The mechanisms of transporl have not been fully 
elucidated although particle size has been shown to be important 
in diffusion and transport across membranes in generaL 

The round window membranes of humans, monkeys, and ro­
dents have comparable ultrastructures, which include three basic 
layers: an outer epithelium, a middle layer of connective tissue, 
and an inner epithelium. Interspecies variations are mainly in 
terms of thickness, being thinnest in rodents anu thickest in hu­
mans [6]. Layers of the round window participate in absorption 
and secretion of substances to and from the inner ear, and the 
entire membrane could playa role in the drug delivery sy tem of 
the ear l7,8]. Our round window membrane model is a three-layer 
in vitro model of the human round window membrane and con­
tains epithelial cells cliitured on both sides of a porcine small 
intestinal submucosal (SIS) collagen matrix (Cook Biotech) with 
fibroblasts (Swiss 3T3) seeded in bo;tween the epilheliallayers [9]. 

Magnetite-PLGA superparamagnelic nanoparticlcs with fluoro­
chrome coumarin-6 labeling were evaluated for transmembrane 
transport using the RWM model. PLGA oanoparticles with encap­
sulated ~ 15 nm superpararnagnetic iron oxide nanoparticles 
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below thal required for magnetic saturation, and hence the force is 
given by [14] 

(2) 

where X is the volume susceptibility of the nanoparlicle and H is 
the magnctic field strength (in Sl units Aim) and 1-'-11 is the perme­
ability in frce spacc (477"X 10-7 (V s)/(A 01)). The measured vol­
ume susceptibility of the particles synthesized with 10 mg/ml 
magnetite conccntration can be determined from Fig. 2 of Rd. 
[14] (after converting frum mass to volume susccptibility, which 
involves multiplying by 477"' particle density) and is cqual to a 
value of -0.2. With a 0.5 T magnet, a linear field decay knglh of 
I cm, a panicle with 300 nm diameter and the viscosity of water 
gives a velocity of about ~O.3 mm/min. This value is approxi­
mately 0.5-1 orders of magnitude less than that observed experi­
mcntally in water; errors in the decay length and thc nature of that 
decay could be well responsihle for Ihe error. Still, however, the 
formula does seem to give a reasonable representation of the ve­
locity in water. So, why is the velocity through the model RWM 
so slow') 

One possibility is thc effcctive viscosity of the R M model: 
The lack of tl'ansport could be due to a higher viscosity in the 
RW 1 model if the viscosity is of ordcr 1000 timcs that of water 
or higher. However, the cxplanation of a higher viscosity causing 
reducco transport is unlikely bccausc to view the I{WM insert as a 
continuum is likely flawed. With a continuum viscosity of 1000 
times that of water, no measurable tl'ansport of the nanoparticles 
across thc mcmbrane would be expectcd in the ahsence of a mag­
netic field if transport is via Fickian-typc JilTusion. Further, the 
fact that incrcasing the effective magnctic force, either by increas­
ing magnetite concentwtion or by incre<.lsing the magnetic 
strength, did not incrcase the relative amount of CMNPs passing 
through the insert suggests a noncontinuum medium. Active 
modes of transport, which arc wcll known in biological systems, 
could be the governing transport of the nanoparticlcs across the 
membrane. Further. given the morphology of thc mcmhrane, one 
would expect thai a tortuous pathway would be a better descrip­
tion of transport through Ihe insert. 

The ohscrvation that there is a visiblc increased concentration 
of eM Ps at the RW -hydrogel intcrface becomes more impor­
tant if the RWM insert is not a continuum in tcrms of transport. 
Particle agglomeration almost certainly occurs at this interface. 
Agglomerated panicles would be expected to have much more 
difficulty passing through a noncontinuum. If an individu<.ll par­
licle is slowed or stopped hy a barricr, then another particle ap­
proaching thc barrier would lead to agglomeration. similar to a 
filtration proc' s, Even in the absence of a barrier, it is possible 
for the applicalion of a magnetic field to inducc particle agglom­
cration through two mechanisms. Thc flrst is thc fact that a faster 
moving particle (raster either because of size or because of more 
magnctitc) could "overtake" a slower movin)" particle in the di­
rection of the magnetic fielo graoient. Second, there is a par'ticle­
particle attractive force duc to the f<.lct that the panicles are mag­
nctic with an applied magnetic ficld. 

To determine the nature and characteristics of agglomeration no 
matter what the cause, it is appropriate to consiocr the forces 
involved, Thc electrostatic force, which is a result of the zeta 
potential, is repulsive and given by 

2 R 2 -"F. = 77"£;,.E" or" Ke 0)
( (I + e-") 

where s is the zeta potential, K is the reciprocal double layer 
thickness, s is thc pal1icle-particle separation distancc (e.g., ceIller 
to center distance----diameter), and ErE" is the static pcrmittivity of 
water. Rcasonable values for these paramcters in water without 
electrolyte yield a force on the order of 10- 10 N per particle at a 
separation oi':lance on the order of 102 nm. he force according 
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to Eq. (2) gives a value of approximately 10- 13 N per panicle, 
indicating that "agglomerates" at a wall would consist of panicles 
that are separated by hundreds of nanometers. From the viewpoint 
of a larger particle passing through a tortuous pathway, the fact 
that the particles are separatcd vcrsus being close together is likely 
irrelevant with regard to transport since in either case the agglom­
erated panicks <.lre cxpected to hc much slower than isolatcd par­
ticles in passing through the insert. 

Ther'e is a particle-panicle m<.lgnetic force that must be consid­
ered, The magnetic aLlractive force hetween particles depends on 
the geometry of the paniclcs relative to the magnctic field and will 
be a maximum when Ihc line that connects the center of thc p,lr­
ticies is on the same linc as thc magnetic fielJ gradient and tcro 
when the two are al right angles to one another. An upper limit on 
this force can he calculated by assuming saturation magnetization 
(MJ as well as alii!llment of all dipole spins in each individual 
magnctitc particle L20]: 

24'iTI-'-(JR~pM; 
Fd - d = ()I (4)

9 s + 2RIlp 

This forcc is of ordcr of magnitude 10-13 at a distance s of 
102 nm. Hence, this force docs not alter the ovcrall picture of 
aoglomerates at walls consisting of particles separated by hUIl­
drcds of nanometers; however, this attraction provides a reason for 
chainlike agglomerates due to thc directional dependence of this 
forcc. 

In this stLldy, the HA hydrogel emhedded eMN!'s dernonstrateo 
impaired passive difl'usion through the thick human RWM model 
at the] h time point. CMNPs suspcndcd in thc low concentration 
of HA hydrogel (0.67 mgiml) showed the similar transport cffi­
ciency as M Ps suspended in PBS buffer. Similarly, neither 
strongl:r magnetic nux nor higher magnetite susceptibility of 
nanoparticles could significantly improve the magnetic assisted 
crossover of PLGA magnetic nanoparticles through the RWM 
model. In our experience, the greatest harrier to the transmem­
hrane permeability of magnetic nanoparlicJes is agglomeration 
that is noticeahle at the RWM interface. Further studies will focus 
on ch.anging thc surface chemistry of the particles to perhaps take 
advantage of active transport mechanisms, as well as on the use of 
oscillating magnetic fields to hopefully improve transport. 

5 Conclusion 

Magnetite (Fe304), combined with the FDA approved biopoly­
mer, PLGA, produces a versatile drug delivery platform that may 
be capable or dirccting thcrapeutics to a ~pecific organ or tissue by 
applying a magnetic field. A major advant<.lge of magnetic target­
ing of the cochlca by way of the round window mcmbranc is that 
the hloodstream and removal of panicles by mononuclear phago­
cyte cells (MPCs) 00 not impair the delivcry, and thc blood­
labyrinthine barrier is bypassed. This study ~howed that magnetic 
assisted transport of eM Ps througll the RWM inserts increased 
twofold in I h compared with the controls. HA hydrogel (9 mg/ 
011) could prevent visible particle accumulation on the surface of 
RWM inscrts in a magnetic field, though it also impaiJeo the 
permeability of these particles through the membrane, presumably 
because transport through the hydrogel occurs at a much slower 
velocity than transport through watcr. Greater particle susceptibil­
ity or strongcr external magnetic fields cannot improve thc trans­
mcmbrane transport; on the contrary, thcy had the opposite effects 
on the magnetic assisted transport of Ps. Our investigation 
may be the first systematic study of transport of magnetic PLGA 
nanoparticles through a humanlike RWM and may shcd light on 
improving magnetic nanoparticles for inner ear drug delivery. Fac­
tors ~uch as oelivery payload, zeta potential, size of particles, 
magnetic susceptibility, and other parameters should be eonsid­
cred whcn using an cxtcmal magnetic vector to enhance partielc 
delivery across a biologic membrane, 

AUGUST 2010, Vol. 1 I 031010-5 



Acknowledgment 
The present work was supporled by the NIH Granl No. R21­

00357540, OCAST Grant No. .'\R082-009, and I TEGRIS 
Health, Oklahoma ity, OK. We are grateful to Dr. Chul-Hce Choi 
for his help with tne statistical analy 'is of the data and to Dr 
Jianzhong Lu for his review of the manuscript. We are grateful for 
discussions with Dr. Isaac RUlel regarding the inJuccd parlicle­
partick magnetic forces. We would like to thank Cook Biotech 
Inc. for their generous gift of the SIS membmnes. We are also 
indebted to Dr. J. W. lIarrell (Department of Physics, University 
of Alabama) for his help with the measurement of the magnetic 
susceptibility of our M Ps. 

References 
[Ii Swan, E. E., Mt:.<eher. M. J.. S~w~11. W. F.. Tao, S. L., and Borenstein. J. T.. 

2008, "Inner Ear Drug Ddiv"'y lor Auditory Applications." Adv. Drug Deliv­
ery Rev.. 60, pp. 1"83-1599. 

[2] Richard on, R. T.. Wis~, K.. Andrew, J. K, and O'Leary S. J., 2008, 
"Novel Uru Delivery S sLCms for Inner Ear Protection and Reg.enerationI 

Aftcr Heming Loss," bpert Opin. I)rul! Oeliv.. S, IIp. 1059-1076. 
[3J	 Wang, Z., 'Iwi, W. K.. 'IOU Ho, P. C, 2009, "Design of a Multifunclional 

PLGA Nanop"niculate Drug Delivery System: Evaluation of Its Physico­
chcmical Properties and Antic<lncer Aelivity 10 MaUgoant Caocer Cells," 
Pham1. Res .. 26,pp. 1162-1171 

[41	 Tamura, T, Kita, T, Nllkag.awa, T., Endo, T, Kim, T, S., Ishihara, T, Mi­
ZlIshima, Y, Higaki, M., and Ito, J., 2005. "Orug I elivcl)' to the Cochlea 
Using PLGA '"nopartich:,<," Lar)'ngoscope, LIS. PI'. 2000-2005. 

[5]	 G~, X.. Jackson, R. L., Liu, J., Harl'<'r, E. A.. 1I0ffer, M. E., Wassel, R. A., 
Dormer, K. J.. Kopke, R. D.. and Balough, B. J.. 2007, "Distribution of PLGA 
Nanoparticles in Chinchilla Cochleae." Otolnryngol.-Head Neck Surg.. 137, 
pp. 619-623 

[6] Go)'coolca, M. V.. and Lundman, L., 1997, "Round Window Memhrane. 
SlnlCtllrt: Function and Pemlt"ability: A Review, . Microsc. Res. Tech., 36, pp. 
201-21 I 

[7]	 Honer. M. E., Allen, K.. Gottshall. K.. Moore, R., Kopke, R. D., Wester, D., 
and Balaban, c., 2002, '11,e Early Kinctics of Gentamicin Uptakc Inlo the 
Inner Ear," Int. Tinnilus J.. 8( I), PI'. 27-29. 

[8] Kopke, R D. Holfer, M. C. Wester, D. O'Leary, M. J .. and Jackson, R. L., 

2001, "Tar~etcd Topical Sieroid 'n,crapy in Sudden Sensorineural Hearing 
1.0'"," Otol. 'Jeurolol .. 22. PI'. 47, 479. 

[9] Mondalek,	 f'. G., Zhang, Y. Y. ropr, B., Kopke, R. D.. Ge, X., Jackson, R. 
L.. and Dormer. K. 1.. 2006, "The Permeabiliry of SPION Over an Artificial 
Three-l.ayc.;r Mernbran~ Is Enhanced by all Extemal M3gnelic Field,'" Nano­
13iotcchnology, .I, pp. 4-12. 

[10]	 Bilmes, A. I. .. Wa"sel. R. A.. Mondalek, F.. Chen. K.. Dormer, K. .I., and 
Kopke, R. D.. 2007. "Magnetic Charaercrizalion of Supcrparaumgne1ic Nano­
parlidcs Pulled Through Model MCl1Ih"ules," Bioma£n. Res. Teehnol .. 5,pp. 
1-10 

[II] Pa,ternak, A. S" and Miller, W. M.. 1996, "Mcas"'crnenl of Tran,·E.pitheJial 
Electrical Resislaflcc in Perfus.ion: POlenlial Application for [n ;tro Ocular 
Toxicity Testing:' Biotcchnol. Bioeng,., S0, rp. 568-579. 

[12] Eley. 1. G .. Pujari, V. D., and McLane, J.. 2004, "Poly (L<letide-eo-Glycolide) 
anopartidt:s Containing COlllll<1rin-6 for Suppository Delivery: In Vitro Re­

k",c Profile lind In Vivo Tissue Distribution:' Dmg Deliv.. II, pp. 2"5-261. 
[13]	 Kopke, R. D., Wassel, R. A.. Mondalck, F., Grady, B., Chen. K., I.in, .I .. 

Cihson, D .. and Dormer, K. J .. 2006, "Magnetic NanopUJ1icles: Inner Ear 
T:lJ'geted Molecule Delivery and Middle Ear Implant," Audio!. Neuro-Olol.. 
lI,pp. 123-l.n 

1141 Shapiro, B.. ProhS!, R.. Pons, H. E., Divcr, D. A., and Luhbe. A. S., 2007, 
"Control to COIlL:t.'lllmlc Drug-Coaled Magnetic Particle, to Decp-Tis~uc Tu­
mors for Targetcd Cancer Chcmotb mpy." Proceeding, of the 46th IEEE Con­
ference on Decision and Control. Vol. 46. PI'. 3901 .\906, 

[1511',,""on. D. 1'., Abuzeid, w.. Jillng, H., Dc, T, O'Malley, B. W.. and Li, D., 
:W08. "A Novel Controlled Local Drug DeJi\~ry System for lnncr I.." Dis­
ca.e:' Laryngoscope, liS, 1'1'. 706-711 

[16]	 Coleman. J. K., Liniesullday, C, Jackson. R.. and Meyer, T., 2007. "AM-lil 
Protects Against Permanent Hearing Loss From lrnpulse Noise Trauma," Hear. 
Res_. 226, Pl'. 70-n, 

[17] rlontko, S. K.• fliegner. 1'., and KlHnrncrer, 13.,2008. "Dexamethasone Con­
centration (Jradi.;nlS 1\long Scala Tympani After Application to the Round 
WinJow Membr""e," Olnl. Ncurolo!., 29. PI'. 401-406. 

[Ig]	 Sheppard. W. {\'I., Wanamak.er. H. H.. and Pack., A.. 2004, "Direct Round 
Window Application of Gcn~1micin With Varying Deli\ery Vehicles: A Com­
parison of Ototoxieily." OroJaryngol.-Ht'ad cd Surl?.. 131, pp. 890-896. 

ll9J	 I.e', K. Y.. Nakagawa, T. and Okano, T, 2007, "Novel Therapy for Hearing 
Lo!l.s: Delivery of Insulin-Uke Growth Faclor 1 10 the Cochlea Using Gelatin 
Hydrogel:' Otol. NeurolOl.. 28, rp. 976 981. 

120J Wasse!. R. A., Grady, B. 1'.. Kopke, R. D.. and Donner. K. 1.. 2007, "Disper­
sion of Super Parama~netie Iron Oxide Nanoranieles in Poly(D,L-Lactide-eo­
GlycoliJe) Micropartieles," Colloids Surf.. A, 292. pp. 125-130 

031010-6 I Vol. 1, AUGUST 2010	 Transactions of the AS E 


