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Abstract: Lymph nodes are primary germination and proliferation sites for many types of
pathogens. Maintaining therapeutic levels of appropriate chemotherapeutic agents in the lymph
node tissue is critical for the treatment of both infection and cancer. This study was intended to
develop a systemic route for loading lymph node phagocytes with drugs, using a lymph node
specific nanocarrier. The latter is assembled as a 10—15 nm patrticle with a drug-carrying core
and a phagocyte-homing poly(1—6)-o-D-glucose based interface. Biokinetics and microdistri-
bution of the model carrier were investigated in vivo. Nanocarrier accumulation in lymph nodes
reached 30—35% dose/g in central lymph nodes, with deposition in various phagocytic cell
populations. The latter included cells harboring inhaled microparticles translocated to lymph
nodes from the lungs. In view of the nanocarrier ability to transport and release significant
amounts of various drug substances, the data suggests feasibility of systemic drug loading to
lymphatic phagocytes and, through drug release, to the neighboring cells.
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Introduction lymphatic tissues also frequently harbor metastases of several

Lymph nodes are frequently involved in disease, either types of cancer.

directly or due to their sentinel role. In particular, lymph  Since several life-threatening pathologies develop in
nodes can be infected by pathogens translocated to nodedymphatic phagocytes or in their near vicinity, the availability
by residential phagocytes. For example, sporeBaxillus of a means for early prophylactic or therapeutic treatment
anthracis being inhaled and deposited in the lower respira- Of these cells with appropriate drugs would be of great
tory tract, are phagocytosed by alveolar macrophages,bEHEfit. Although macromolecules and fine partiCIes are
transported to hilar and mediastinal lymph nodes, and thereeffectively transferred to sentinel nodes after intralymphatic
germinate into vegetative bacilli, producing necrotizing Or interstitial administratio,central and most peripheral
hemorrhagic mediastinitis:® Yersinia pestisFrancisella nodes are not reliably accessible through local routes because
tularensis and other agents, including HIV, variola, brucella,
and others, either are known to have or may have lymph (1) Inglesby, T. V.; Henderson, D. A,; Bartlett, J. G.; Ascher, M. S.;

. P Eitzen, E.; Friedlander, A. M.; Hauer, J.; McDade, J.; Osterholm,
nodes as one of the primary initial development sitéhe M. T.. OToole, T.: Parker, G.: Perl, T. M.: Russell, P K.. Tonat,

K. Anthrax as a Biological Weapon: Medical and Public Health
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of the high variability of lymphatic networks. Systemic sulfonate (TNBS), Sepharose, Sephacryl, and Sephadex gels,
lymph node loading with drugs, if efficient, would provide and other reagents and solvents, all of at least analytical
a far more reliable therapeutic tool. Another advantage of grade, were from Sigma Chemicals (St. Louis, MO). Carrier-
systemic delivery is the possibility to target all lymph nodes free [*4n]InCl; was from NEN Dupont and Perkin-Elmer
simultaneously ¥ 800 in an aduf. (MA).

We reported that carbohydrate interfaces assembled of Male Sprague Dawley CD rats and female Fisher 344 rats
multiple poly(1—6)-a-p-glucose chains direct systemically were from Charles River Laboratories (Wilmington, MA);
administered macromolecules and nanoparticles to lymphmale New Zealand White rabbits were from Millbrook Farms
nodes: This lymph node homing effect allowed us to develop (Amherst, MA).
lymphotropic polyglucose-associated nanocarriers. In our
previous studies, these agents were successfully utilized to
_deliver paramagnetic and radioactive diagnostic labels to theSpectraChrom (60 cnx ID 10 cm) column equipped with
intranodal compartments? , a Milton Roy (Rochester, NY) liquid delivery system,

The goal of this study was to prepare systemic lymph node \;5sterFlex CL peristaltic pump, Knauer-2401 Rl detector,
homing nanocarriers suitable for loading infected lymph node Foxy JR fraction collector, and Varian-Prostar data acquisi-
phagocytes with therapeutic agents. The model agents of thistion system. A QuixStend flow dialysis system (A/G
study were assembled as graft copolymers of dextran B'512Technology, Needham, MA) was used in high-volume
(essentially poly(%-6)-o-p-glucose’” side chains) and polyl- procedures. Diafiltration (ultrafiltration) cells and membranes

ysine (drug carrying *backbone”). Fluorescent and radioac- used in low-volume separations were from Amicon (Bedford
tive labels were linked to the backbone to investigate the in MA). Particle size analysis was carried out using Coulte}
vivo kmetm_s. . . N4 MD and Brookhaven ZetaPlus analyzers (Coulter,
The in vivo transfer of multilabeled preparations were Fullerton, CA; Brookhaven Instruments, Holtsville, NY). The
studied by photo- and radionuclide imaging, along with 1282 Compugamma CS counter was from LKB (Bromma,
investigation of tissue samples of normal animals and in Sweden). Spectral equipment was from Varian, Inc. (Palo

g“mor."’?”d fc;ce;l bacte.nal inflammation dmoderlls. Inftrgr;}o?a(lj Alto, CA) (300Bio UV—visible spectrophotometer equipped
eposition of the carrier was compared to that of inhaled | iy thermostated multicell Peltier block) and Photon

microparticles translocated to mediastinal nodes from the Technologies International (Lawrenceville, NJ) (modular

lungs. TimeMaster/Quantamaster fluorescence spectrometer with
) thermostated sample holder). Size exclusion chromatography
Materials and Methods (SEC) in aqueous media was carried out using a Varian-
Materials. Rhodamine X isothiocyanate (XRITC) and Prostar HPLC system equipped with a BIO-RAD model 1755
fluorescein isothiocyanate (FITC) were from Molecular refractive index detector and LDC/Milton Roy SpectoMoni-
Probes Co. (Eugene, OR). Dextran B-512 F (10 kDa), poly- tor 3000 UV detector. In separations involving radiolabeled
L-lysine hydrobromide, diethylenetriaminepentaacetic acid preparations, an additional high-sensitivity custpatetector
(DTPA), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide was used. HPSEC Biosil SEC-125 and Biosil SEC-400 (BIO-
(EDC), sodiumm-periodate, sodium 2,4,6-trinitrobenzene- RAD) and low-pressure Superose-6 (Pharmacia) columns
were used for size exclusion chromatography at 1 mL/min.
(4) Charman, W. N., Stella, V. I., Edsymphatic transport of drugs SEC column calibration was performed based on broad

Equipment. Preparative isolation and purification of
polymers and polymer conjugates was carried on a G-25 gel

CRC Press: Boca Raton, 1999. molecular weight dextran and protein standards.
(5) Som, P. Lymph nodes of the nedRadiology1987, 165 593— A Sigma 410y camera (Ohio Nuclear, Solon, OH)
607.

(6) Papisov, M. |.; Bogdanov, A. A., Jr.; Schaffer, B. K.; Nossiff, egt::plped Vﬁ!th a medlum-engr?y pardqllel hloclie Qr 3 .mm
N.; Shen, T.; Weissleder, R.; Brady, T. J. Colloidal magnetic pinhole collimator was use or radionuclide 1maging.

resonance contrast agents: effect of particle surface on biodis- Photoimaging was carried out using a Nikon TE300 Quantum

tribution. J. Magn. Magn. Mater1993 122, 383-386. microscope equipped with Plan Fluor ELWD objectives and
(7) Papisov, M. I.; Weissleder, R.; Brady, T. J. Systemic lymph node Diagnostic Instruments Spot RT Slider CCD camera (Nikon
targeting with macromolecular imaging agentsHandbook of Instruments Inc., Melville, NY: Diagnostic Instruments,

Targeted Delery of Imaging AgentsTorchilin, V. P., Ed.; CRC Sterling Heights, MI).
Press: Boca Raton, 1995. ) ' ) . .

(8) Harika, L.; Weissleder, R.: Zimmer, C.: Poss, K.; Papisov, M.;  Synthesis of Lymphotropic Nanocarriers.The synthetic
Brady, T. J. MR lymphography with a lymphotropic T1-type MR procedure used in this study was developed to assemble
contrast agent: Gd-DTPA-carrievlagn. Res. Medl995 33, 88— carrier particles that are (i) smaller than 20 nm in total
92. . . (hydrodynamic) diameter, (ii) surrounded by a brush of

(9) Harika, L.; Weissleder, R.; Poss, K.; Papisov, M. A macromo- 4 vqlycose (dextran B-512) chains, and (jii) contain a drug

'ecé’la;r'mravenog.sg_\?egtflor Mlgéyamfgggggg%;gharwer'zat'on loadable core/backbone. In this study, the polysine

and efficacy studiesRadiolo . y ’ .

Jeanes, A. ?/mmunochemica?)a/\nd related interactions with dextransbaCkbone was labeled with a fluorescent dye and a radio-

reviewed in terms of improved structural informatioklol. nuclide. Polyt-lysine was selected as a backbone material

Immunol.1986 23, 999-1028. due to the multiple amino groups that are suitable for linking

(10

~
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the backbone with other components (carbohydrate chains,nent” could not be separated from the carrier by HPLC or
labels, and drug molecules). continuous dialysis; therefore, the “small component” mo-
The synthetic scheme included two stages: backbonetions were interpreted as independent conformational changes
formation (partial modification of polylysine with fluorescent of dextran chains attached to the backbone.
labels and DTPA) and subsequent backbone association with  HPLC elution was performed isocratically with 50 mM
multiple dextran molecules. Each stage was optimized in our phosphate buffered 0.9% NaCl, pH7.0. Sample volume:
previous studies to obtain a minimally cross-linked soluble 10-100 uL depending on polymer concentration (loop
graft copolymer containing sufficient amounts of dextran volume 1 mL). The elution time by size exclusion chroma-
B-512, labels, and/or model drugs. tography corresponded to a carrier diameter close to a 750
Poly--lysine hydrobromide (MW 50 kDa, average po- =+ 350 kDa spherical protein (i.e., about X2 3 nm),
lymerization degree 191) was dissolved in a minimal amount regardless of gadolinium content.
of 0.1 M sodium borate (pH= 9.3). Then, 5% XRITC DTPA content (chelating capacity) was measured by
solution in DMSO was added in the amount necessary to relaxometric titration. The method is based on the higher
modify 0.5% (in one experiment, 10%) of the polylysine gadolinium relaxivity in a polymer-bound form than in low
amino groups. After a 60 min incubation at 25, labeling molecular weight complexes, due to the restrictions in the
efficacy, as determined by size exclusion chromatography gadolinium ion reorientation rate. Accuracy of the method
(SEC), was near 100%. was validated by gadolinium analysis (performed by Gal-
To conjugate the XRITC-labeled polylysine with DTPA, braith Laboratories, Knoxville, TN). Standard 0.25 mM
the polymer was dissolved in a 20-fold molar excess of 1 M gadolinium solution in 0.01 M citrate buffer (pH 6) was
Na,,DTPA, pH=7.6. Then, EDC, 0.95:1 mol/mol to lysine  placed into 1 mL test tubes. Relaxation times (T1 and T2)
monomer, was added at’®&. The temperature was allowed of the standard solution were measured at’@7 Then, a
to rise to ambient with stirring, and after a 10 h incubation solution containing a known amount of the carrier was
the resultant poly-lysine(XRITC)(DTPA) was desalted on  gradually added to the standard solution in 2 gt Fliquots.
Sephadex G-25 and lyophilized. The effective extinction Relaxation times were determined 1 min after each addition.
coefficients of the polymer at the absorbance peaks of theResults were plotted as relaxation tim€) (@and inverse
fluorescent dyes used in the syntheses were determined. relaxation time against the added amount of the carrier.
Dextran B-512 was oxidized by Naj@0.2 mol/mol by Polymer capacity was determined by identifying an equiva-
monomer) and desalted by flow dialysis. The resultant lency point.
aldehyde-dextran was conjugated with the backbone polymer, Amino group, DTPA, and fluorescent dye content in
poly-L-lysine(XRITC)(DTPA), at a dextran concentration of the backbone polymer and in the final product were
50 g/L and a dextran:polylysine molar ratio of 400:1, in the monitored during the syntheses. The TNBS reaction with
presence of a 2-fold excess of potassium cyanoborohydride.the residual amino groups of the DTPA-modified polylysine
After a 24 h incubation, the resultant graft copolymer was showed 83t 3% substitution, i.e., 15& 3 DTPA molecules
isolated by flow dialysis (300 kDa cutoff), additionally per average polylysine chain. The extinction coefficients of
desalted by gel chromatography (Sephadex G-25/water), ancpolylysine-XRITC, polylysine-XRITC-DTPA and the final
lyophilized. The effective extinction coefficients were de- carrier were 2.74t 2, 0.764 0.08, and 0.19: 0.09 (cm
termined as described above. mg/mL) ! respectively. Assuming that DTPA was present
Self-quenched carriersoverloaded with FITC and XRITC, in the polymers in the form of its disodium salt, these
in which fluorescence was 999% suppressed by FRET, numbers corresponded to 15415 DTPA moieties and 28
were prepared analogously using polylysine backbones with+ 3 average dextran molecules (M\& 10 kDa) per

high (20%) fluorophore content. polylysine chain. Dextran content as measured using the
Nanocarrier Characterization. Carrier size, composition,  phenol/sulfuric acid reactidhwas 22+ 4 average dextran
and structure were investigated as follows. molecules per average polylysine backbone. Since oxidized

Carrier size was determined by size exclusion HPLC and hexose units do not form colored products with phenol (as
photon correlation laser light scattering (PCLS) in water, at determined in a separate experiment), the latter value should
2 mg/mL. All samples were filtered through a Qfin nylon be corrected to 24 4 dextran chains per backbone. This
membrane. value may be an underestimate because steric hindrance of

PCLS was carried out at a 98eam angle, s sampling the backbone by dextran chains at the final stage of grafting
time, and 5-10 min acquisition time. The “size distribution  could result in the selection of smaller dextran molecules
processor” (SDP) analysis (Coulter N4 MD workstation) was (as a result, the same polysaccharide content may correspond
performed in the £100 nm range. The hydrodynamic size to a larger number of smaller dextran chains per backbone).
of the carrier was 1812 nm. Carrier saturation with The chelating capacity of DTPA-polylysine (1.630.08
gadolinium (to increase nanoparticle core refraction) resulted umol/mg) and the final carrier (0.24 0.1 umol/mg), as
in the prevalence of a 628 1 nm population, which is most
likely the size of the gadolinium-saturated core compartment. 11y pynois, M.; Gilles, K. A.; Hamilton, J. K. Rebers, P. A.; Smith,

PCLS with a 1us sampling time showed independent F. Colorimetric method for determination of sugars and related
motions of a small (1 nm) component. This “small compo- substancesAnal. Chem1956 28, 350—356.
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estimated by relaxometric titration, was in agreement with were collected and counted. Data was corrected for rado-
the substitution degree determined by other methods (152nuclide decay.

+ 8 DTPA moieties per average molecule). The chelating Since biological activity of a drug in a certain tissue
capacity of the final product appeared lower (82 DTPA depends on the drug concentration in that tissue, results were
groups per molecule), which may be a result of partial DTPA presented as specific accumulation (percent of injected dose
blockage by metal ions (impurities present in the large per gram of tissue).

volume of chelator-free buffer solutions used at the last stage Dose dependence of the biokinetics was studied in 24
of carrier isolation). normal 390+ 20 g CD rats. Radiolabeled preparations were

Total carrier yield at the last stage, as measured by the administered at 1.8g/kg, 14ug/kg, 0.12 mg/kg, 2.6 mg/
optical density at the XRITC absorbance peak, was 80%. k9, 12.7 mg/kg, and 63.3 mg/kg into the tail veirs= 4 per
Losses were attributed mainly to the flow dialysis process, dose. Blood samples were acquired through tail veins
where the low molecular weight subfraction partially escaped OPposite to the veins used for injection. Animals were
through the filter pores (considering the 101 nm pore euthanized 24 h after administration, and tissue samples were
diameter). collected and studied as described above.

Carrier microdistribution in lymph node (and other)

Gadolinium). Relaxivity was determined from the regression [ISSU€S was stL;E|ed by p_hptom;gmg.hFIuo_rlesc_entfpr_ephara-
of inverse relaxation time vs gadolinium concentration, using 10ns (1-20 mg/kg) were injected into the tail vein of eight

serial dilutions of Getcarrier complex obtained as described 200+ 10 g CD rats and 10 40& 20 g CD rats. Tissues
above (DTPA content investigation). were collected 24 h after the administration and cryotomized.

Gadolinium chelated by the DTPA groups of the carrier Tissue slices (1%m) were studied immediately, without

. s fixation and staining.
demonstrated high relaxivity in water, R 17.3 £ 0.3 . L
! In Vivo T fer R LT h
mMM-1s1 and R2= 1974+ 0.3 mM-1 s at 0.47 T and 37 n Vivo Transfer Routes. To discriminate between the

o . = . two possible mechanisms of deposition in lymph nodes

r;&gg} (;ﬁii)s(:\(;lrt\y (ri\cl)l:?s:tca ?ido'n)ogf ggzolriﬁ:?r’] itc?r?th]se (intranodal phagocytosis and extranodal phagocytosis with
. . . - .~ subsequent phagocyte translocation to lymph node), two

restricted due to its attachment to the relatively rigid carrier g phagocy ymp )

backb On the other hand. this effect Id not take pl carrier preparations, one labeled with FITC and the other
. ac one.. n . € otherhand, this etfect could notta .epacewith XRITC, were administered with a 48 h interval. The
if water diffusion to/from the backbone was restricted;

theref th bohvdrate interf i bl intranodal phagocytosis was expected to result in a mixed
eretore, the carbohydrate Interiace wa% ea5|¥ PErMEADIE, ccumulation of both labels in the same phagocytes. An
for small molecules (being, physically, a “brush”).

) _ i i abundance of cells containing only one label would suggest
Radionuclide Labeling. Model preparations were labeled  {hat these cells had contacted only one of the preparations

with **4n (0.1-10 mCi/mg) by transchelation from indium 414 therefore, were transferred to lymph nodes from the
citrate at pH= 5.6. The remaining DTPA groups were qytside after carrier uptake.

saturated with calcium to avoid hypometalemia in the  Bjokinetics in Inflammation and Tumor Models. To
experimental animals. Labeled carriers were purified by size gyajyate the potential biodistribution sensitivity to local
exclusion chromatography (radiochemical purit$8%). pathologies, carrier was administered to animals with model

Animal studies were performed in accordance with the inflammation (rabbit) and tumor (rat). Two normal rabbits
institutional guidelines. Animals were anesthetized with and four rabbits with focal inflammation were used in the
pentobarbital (35 mg/kg intravenously) and given supporting scintigraphic studies. Focal bacterial inflammation was
doses (10 mg/kg) when necessary. induced in four rabbits by intramuscular inoculation of a

The radiolabeled preparations were injected into the tail single clinical isolate oStaphylococcus aureas previously
vein (rats) or marginal ear vein (rabbits). Planar scintigraphic described? Bacterial suspension, 1@ells/ml, 1 mL, was
images were acquired immediately after carrier administra- injected into one hind leg. Carrier preparation (19 mg/kg)
tion to monitor possible extravasation via vascular perforation was injected 24 h after inoculation through the marginal ear
at the injection site. Animals with more than 1% extrava- vein. Scintigrams were acquired 24, 48, and 96 h after the
sation were excluded from the study to avoid data distortion carrier injection. Mammary adenocarcinoma (MAC) was
caused by local lymphatic drainage. implanted in the front and rear extremities (unilaterally) of

Biokinetics was studied in 33 normal 24@ 15 g cD 8 Fisher rats (30G 30 g), 2 mni of R3230 MAC tissue
rats, at a carrier dose of 1.2 mg/kg. Animais= 3 per group, per animal. The carrier was administered intravenously 10
were euthanized at 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, and 21 hdays after cancer induction, when tumor size reached ca. 1
after administration. Injection quality was monitored by cm3 Scin'tigraphy and biodistribution studies were performed
y-scintigraphy. Popliteal and paraaortic nodes of animals with @S described above.
mior PG exteasaions ehe TECon s ere U0 ) oy 3, . o 0 il .- g

. . . D.; tenKate, C.; Wilkinson, R.; Rubin, R. H.; Strauss, H. W.

lymphatic drainage (2, 4, 10, 11 and 21 h groups; one animal Imaging focal sites of bacterial infection in rats with 111-In-

from each). Tissue samples (lymph nodes, liver, spleen, labeled chemotactic peptide analogsNucl. Med1991, 32, 483-
muscle, kidney, heart, thyroid, bone, blood, lung, testes, tail) 491.

Interface Permeability (via Relaxivity of Carrier-Bound
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Figure 1. Microdistribution of a fluorescent lymphotropic
nanocarrier S-03 in rat lymph node 24 h after intravenous
administration. F: follicle. P: paracortex. S: sinus. Bar: 100
um. Inset: Intracellular distribution in paracortical phagocytes
(bar: 15 um). Fluorescence photoimaging, unstained, unfixed
20 um cryosection, x10 air and x100 oil objectives.

Carrier Colocalization with Inhaled Particles. To label
lung phagocytes that would ingest and translocate airborneFigure 2. (A) (top) Coaccumulation of inhaled aerosolized
spores or bacteria to lymph nodes, fluorescent micropartidesmicroparticles (red) and intravenously injected nanocarrier
were used as a proxy for the bacterial spores. Nonbiode-(green) in mediastinal lymph node.ofanormal rat. Field: 193
gradable polystyrene microparticles stained with Nile Red * 145 #m. (B) (bottom) Same region, overlay of red channel
(0.07 um, Interfacial Dynamics Inc.) were administered as fUorescence and phase contrast image.

an aerosol in 0.9% saline to normal rats. Particle suspension hagoeviic populations of rat lvmph node. which can be
(2 mg/mL) was aerosolized using an Aerotech-Il nebulizer phagocytic pop ymp f

(CIS-USA) at 50 psi without flow control (intrinsic air flow g;zt;nau:sh?dsfg)r:g sursrgil:;cii%gl\lﬂy;nprhocr)rliters:y cf;?r?cttiirlstlc
ca. 10 L/min, suspension flow 1 mL/min). Aerosol was phologie PO “viajor carrier accumuating

delivered directly to a custom 2-gal acrylic chamber. In this cell groups included cells lining marginal and medullar

chamber, ratsr(= 3 per group) were exposed for 10 min to lymphatic sinuses, medullar and large intrafollicular mac-
the flow <')f aerosol pergroup P rophages, and paracortical phagocytes (Figure 1). The label

. . was predominantly concentrated in vesicular compartments
Three days after the exposure to microparticles, the model , _. . : .
i I i .~ (Figure 1, inser). No vesicular label accumulation was found
FITC-labeled nanocarrier was injected intravenously (tall

vein) at 0.3 mg/kg. Animals were euthanized 48 h postin- n lymphocytes. Control node tissue samples (carrier not
" LY . injected) had no detectable fluorescence.
jection. Mediastinal lymph nodes and other tissues were S .
. : . Injection of a nonfluorescent self-quenched carrier over-
harvested and cryotomized (slice thickness:fi). Control : ) _
. . loaded with XRITC resulted in the development of a similar
samples of thoracic lymph node tissue were taken from (a)

. . fluorescence pattern within 48 h. This can be attributed to
untreated rats and (b) rats treated only with particle aerosol. e
: . . . : label release from the macromolecule followed by diffusion
Unstained, unfixed tissue slices were studied by photo-

. ) . . in tissues, which prevented the quenching energy transfer.
Imaging. Images were registered in red and green ChanneIS‘Therefore the carrier was, most likely, accumulated and
(HQ FITC and HQ TRITC filters, CCD: grayscale unfil- ' ' '

tered), at a preset exposure time (equal for either channel).degr"’1decj in the lysosomal compartment.

. ) . . In the marginal lymphatic sinuses, fluorescence was
Phase contrast images were acquired with automatic expo- . .
sure increased at areas adjacent to the openings of afferent

. . lymphatics, indicating that at least a fraction of the carrier
Fluorescence images were processed using NIH Image

software to obtain fluorescence intensity maps. The image _arrlved with lymph. Diffuse fluorescence was also observed

shown in Eiaure 2A was composed by combinina unedited ™ the walls of some of the high endothelial venules (HEV),
9 composea by 9 which, in light of the known HEV permeabilit}}, may
red and green grayscale bitmaps in the red and green channels

of an RGB image, respectively. indicate direct passage from blood.

(13) Fossum, S. The architecture of rat lymph nodes. Il. Lymph node

ReSUIFS . . . . CompartmentsScand. J. Immunoll98Q 12, 411-420.

Carrier Microdistribution in Lymph Node Tissues. (14) Fossum, S.; Ford, W. L. The organization of cell populations
Photoimaging demonstrated label deposition in cells mor- within lymph nodes: their origin, life history and functional
phologically identical to essentially all previously descriled relationshipsHistopathology1985 9, 469-499.
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Figure 3. Fluorescence intensity profiles for a single cell: red (left) and green (right) channels. The difference in fluorescence
intensity distribution is clearly seen (arrow), suggesting the presence of both the inhaled microparticles and the intravenously
administered nanocarrier in different compartments of the same cell.

The pattern of carrier accumulation in spleen was similar
to that of lymph nodes, with significant label deposition in
phagocytes. In liver tissue, label accumulated in Kupfer cells
as well as in hepatic endothelium.

Administration of FITC-labeled carrier followed (48 h
later) by XRITC-labeled carrier showed mixed label ac-
cumulation in the same cells. Cells containing only fluores-
cein or only rhodamine X were not found, which was
consistent with carrier uptake within lymph node tissues,
rather than with extranodal uptake and subsequent translo-
cation to lymph nodes.

Coaccumulation of Inhaled Micropatrticles and Intra-
venously Administered Carrier. Photoimaging of medias-
tinal (parabronchial) lymph nodes after the iv administration
of fluorescein-labeled carrier and inhalation of Nile Red
labeled microparticles showed that the particles and the
carrier accumulated not only in close proximity to each other
but actually in the same cells (Figure 2). Although Nile Red
has a broad emission spectrum that significantly “leaks” into
the fluorescein channel, image analysis with NIH Image
software clearly showed that green and red emission profiles
from individual cells are significantly different (Figure 3),
which suggests different label compartmentalization within
the cell. Most likely, the nonbiodegradable Nile Red latex
particles are concentrated in lysosomes and small vacuoles,_. - .
while fluorescein is at least partially cleaved from the Figure 4. ‘Whole-body scintigram of a rat 24 h after v

. . . . administration of 1*1In labeled nanocarrier, 100 «Ci/kg. Anterior
biodegradable carrier and thus present in other intracellular_. . . . . ;
view (acquired using a pinhole collimator and thus inverted).
compartments.

. Lymph nodes: mediastinal (Thor), mesenteric (Mes), paraaor-
Control studies demonstrated absence of lymph node. (Aort), pararenal (Ren), inguinal (Ing), popliteal (Popl).

fluorescence in animals that received no aerosol and no

nanocarrier, and only red fluorescence in animals that werewere found not only in mediastinal lymph node groups but,

exposed only to particle aerosol (not shown). Interestingly, although in much smaller numbers, in other central and

isolated phagocytes containing Nile Red stained particles peripheral lymph nodes. These cells were also loaded with

the carrier.

(15) Anderson, A. O.; Anderson, N. D. Studies on the structure and Radionuclide Imaging and Biokinetics in Normal
permeability of the microvasculature in normal rat lymph nodes. Animals. Carrier transfer in normal animals after intravenous
Am. J. Pathol1975 80, 387-418. administration was studied by dynamic scintigraphy and
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Table 1. Carrier Biodistribution in Rats after Intravenous Administration of 1.2 mg/kg **'In-Labeled Preparation (% of
Injected Dose/g of Tissue)?

time, h: 1 2 3 4 5 6 7 8 10 11 21
blood 3.71 2.77 2.16 1.65 1.34 1.32 1.57 0.93 0.68 0.41 0.06
liver 1.79 2.32 242 3.14 3.34 3.33 3.34 2.74 3.49 3.98 3.52
spleen 1.43 2.43 5.31 5.49 6.66 3.53 7.21 4.77 6.91 7.69 11.64
muscle 0.05 0.04 0.09 0.05 0.06 0.04 0.04 0.04 0.05 0.03 0.04
heart 0.37 0.31 0.38 0.29 0.27 0.28 0.26 0.26 0.23 0.16 0.15
kidney 0.76 0.71 0.7 0.66 0.66 0.7 0.7 0.65 0.84 0.87 1.13
thyroid 0.16 0.16 0.08 0.12 0.07 0.09 0.08 0.07 0.08 0.06 0.05
bone 0.37 0.42 0.4 0.42 0.27 0.44 0.34 0.37 0.32 0.32 0.4
lung 0.76 0.67 0.55 0.39 0.36 0.32 0.36 0.32 0.25 0.15 0.09
testes 0.13 0.19 0.19 0.2 0.2 0.53 0.18 0.18 0.24 0.23 0.26
LN popliteal 0.61 1.34 3.29 3.2 2.42 5.96 1.92 2.86 10.82 37.64 18.62
LN paraaortic 0.74 3.78 231 5.45 4.88 15.8 8.35 13.44 50.96 39.04 26.75
LN mesenteric 3.81 6.64 9.11 13.02 20.99 19.88 24.95 15.96 22.48 233 18.59
LN axillary 0.33 0.33 0.43 0.59 0.99 1.56 2.24 0.84 1.77 5.09 0.58
LN cervical 0.32 0.58 1.32 1.74 2.38 1.23 1 3.87 3.82 0.62 0.9

2 Tissue samples were counted at 1—21 h after the injection, 3 animals per point. Average standard deviations: peripheral lymph nodes, 60
+ 7%; mesenteric lymph nodes, 28%; other tissues, 22 + 7%.

% Initial activity Ln of % Initial activity
—-63 mg/kg
—A—12.7 mg/kg
—e—5.1 mg/kg
-+ 120 pg/kg
—&—14 pg/kg

—0—1.8 pg/kg

W63 mg/kg
®5.1 mg/kg
0120 pg/kg
A14 pg/kg

-1 T
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Time, hours

2 3 4 5 6
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7 8 9

Figure 5. Nanocarrier blood clearance in rats as a function of injected dose. Left: average values (bars: standard deviations).
Right: data linearization in semilogarithmic coordinates, individual animals.

tissue sampling. The images showed continuous carriertimes) different label accumulation; for example, note the
presence in blood and slow accumulation in liver, spleen, difference between contralateral lymph nodes in Figure 4.
and lymph nodes. Label transfer to the bladder was negli- Also note that a major fraction of the injected dose
gible. Label accumulation in lymph nodes of the mesenteric accumulated in the liver. However, due to the large mass of
group was evident in high-resolution images (pinhole col- the liver tissue in which the carrier is distributed, compared
limator) as early as at the fourth hour after carrier admin- to the mass of a node (typically, # 1 g vs 5-50 mg in a
istration in rats, and at about 24 h in rabbits. Peripheral lymph 240 g rat), concentration of the carrier in the node tissue is
nodes became visible at-@2 h after carrier injection in by 1-2 orders of magnitude higher than in the liver (see
rats and at 1224 h in rabbits. By 24 and 48 h in rats and below).

rabbits, respectively, scintigrams clearly demonstrated sig- Carrier biokinetics after intravenous administration was
nificant label accumulation in both central and peripheral studied at 1.2 mg/kg by blood and tissue sampling and
lymph node groups (Figure 4). The label distribution pattern radioactivity registration on @ counter.

did not change over the next-2 days. Label accumulation As expected, renal filtration was negligible. Blood clear-
highly varied from node to node. Contralateral lymph nodes ance and accumulation in liver and spleen were slow and
of the same animal often demonstrated significantly{B5  essentially monoexponential (Table 1). However, the half-

VOL. 2, NO. 1 MOLECULAR PHARMACEUTICS 53



articles Papiso et al.

50 40
% Dose/g ® Popliteal nodes 1% Dose/g o Liver
45 O Paraaortic nodes ) :ﬁzlepilmea
+Mesenteric nodes il —O—LN Paraaortic
40 o - 30 + —O—LN Mesenteric
35 +
30
o o 20
25 e
+ D+
20 T % |
+ OO 0]
15 §+ BT t l
+T 0
10 + O+ 1
g, 0% a8 * 0 * = = ’
Slx+0goe®c® ® 1 10 100 1,000 10,000 100,000
EH H_E_: Dose, wg/k
0 S 10 15 20 25 Figure 7. Dose dependence of the nanocarrier biodistribution
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Figure 6. Carrier accumulation in lymph nodes at 1.2 mg/kg

I of magnitude), which shows significant differences in cell
(individual nodes).

interactions with the carrier in liver vs lymph nodes and
spleen.

At all doses, central lymph nodes accumulated higher label
amounts than peripheral lymph nodes. However, at the
highest injected doses, an increased accumulation was
observed in some rats in lymph nodes draining extremities
. o ) ) (see Figure 7). This is most likely due to the paw edema

Due to the high individual variations in carrier uptake \yhich occurs in some rats after injection of large amounts
among lymph nodes (SB 50% of the mean value), itwas  f dextran-hased preparatioiextran sensitivity, however,
impossible to determine from the kinetics of carrier uptake g not the underlying mechanism of the lymphatic uptake of
in lymph nodes whether the lymphatic uptake was monoex- polyglucose-modified nanoparticles, since the uptake of
ponential (Figure 6), which would correspond to direct carrier gextran B-512 preparations in lymph nodes was also
transfer from blood. Accumulation in peripheral nodes observed in rats that are not dextran-sensitive, as well as in
apparently had a lag period, which could be indicative of an mice, rabbits, and other animals and humans.
intermediate transfer process (most likely interstitial transfer  Carrier Biodistribution in Inflammation and Tumor
and lymphatic transpdr. The latter would be in agreement  Models. In all animals, hyperplastic sentinel nodes draining
with increased carrier accumulation in lymph nodes near the either focal bacterial inflammation (rabbit) or growing
efferent lymphatics. Possibly, both transfer mechanisms arenonmetastatic mammary adenocarcinoma R3230 (rat) dem-
present, which is to be determined in our future studies. onstrated higher carrier accumulation than analogous con-

Biodistribution was found to be dose-dependent (Figure tralateral lymph nodes.

7). At all but the lowest dose (1.8g/kg) the lymphatic Rabbit lymph nodes have been semiquantitatively assessed
accumulation was significant. Other tissues accumulated Py static scintigraphy via radiation counting over regions of
considerably lower amounts of the carrier (Table 1). Splenic interest. Scintigraphy (Figure 8 A) showed a Afold

and nodal accumulation were maximal between 0.1 and 10increase in the inflammation-draining nodes.

mg/kg. In contrast, hepatic specific accumulation was Rat lymph nodes draining adenocarcinoma (Figure 8B)

independent of dose within the entire dose range (5 ordersVere additionally assessed by tissue counting at 24 h after
carrier administration. The sentinel tumor draining nodes

showed significantlyg < 0.025) higher accumulation than

Magnetic drug targeting (I) In vivo kinetics of radiolabelled + 24k : P
cpm, respectively, (averagestandard deviation for
magnetic drug carrierdnt. J. Pharm.1987, 40, 201—-206. P P y. ( ge

life consistently increased with the injected dose (Figure 5),
which suggests a more complex nanoparticle clearance
mechanism than the previously described true first-order
process?

(17) Papisov, M. I. Modeling in vivo transfer of long-circulating 8 animals).
polymers (two classes of long circulating polymers and factors
affecting their transfer in vivo)Adv. Drug Delivery Rev. 1995 (18) West, G. B. Heparin and dextran anaphylactoid reactions in rat.
16, 127—-139. Int. Arch. Allergy Appl. Immunol1983 70, 373-375.
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Figure 8. Nanocarrier distribution 24 h after iv administration
in animals with model pathologies. y scintigraphy, pinhole
collimator. (A) Rabbit, rear extremities, bacterial inflammation
(left leg, outlined by label accumulation). Note significant
difference in label accumulation in the sentinel node (arrow)
and normal contralateral node (arrowhead). (B) Rat, from head
(top) to liver (bottom). Tumor (left extremity, outlined by diffuse
label accumulation). Note high carrier accumulation in the
axillary sentinel nodes (arrows) compared to the contralateral
nodes (arrowhead).

In both models, carrier accumulation in the pathological

backbone, 24 dextran B-512 molecules, and 150 DTPA
groups per particle. A non-cross-linked graft copolymer of
this composition has a molecular mass of ca. 335 kDa.

The “size” of a graft copolymer is, essentially, not a strictly
defined parameter due to the absence of a clearly defined
physical boundary. The “full” hydrodynamic size, including
side chains, as determined by size exclusion chromatography,
was 12+ 3 nm. Size as measured by photon correlation
LLS was 6.3+ 1 nm (metal-saturated) to 12 nm (unsatur-
ated). The former number should be ascribed to the relatively
rigid, highly scattering core compartment, excluding the
flexible side chains, which can be registered in LLS as
independently moving objects. The 23 nm hydrodynamic
diameter suggests that carbohydrate chains are significantly
coiled, otherwise the size would be closer to 20 nm. On the
other hand, the interface permeability to small molecules
suggests that side chains in the carrier were not completely
collapsed. Therefore, the nanocarrier of this study is best
described physically as a flexible brush of coiled polyglucose
molecules, ca. 1615 nm in diameter, with a relatively rigid
6—10 nm “core”.

We have shown previously that carbohydrate brush
permeability for large molecules is limited. For example,
dextran chains reduced the rate of immunoglobulin interac-
tion with a backbone-bound antigen by approximately 10-
fold.?* The nonspecific interactions of the polylysine core
with the environment have been suppressed even more
efficiently, by 3 orders of magnitud®.This efficient steric
protection enables low dependence of carrier pharmacoki-
netics on the inner content, and makes the carrier capable
of transporting a variety of compounds. For example, our
previous studies showed that biodistributions of rhodamine
(10% w/w) and doxorubicin (12%) loaded carriers, as well
as particles with solid iron oxide cores, did not significantly
differ from biodistribution of unloaded carriéf?

tissue is most likely related to the enhanced permeability ~The biokinetics and microdistribution data suggested that
and retention (EPR) effect: accumulation of macromolecules the model carriers reached the intranodal compartments via
and nanoparticles in tissue zones with high endothelial extravasation either in tissues (with subsequent lymphatic

permeability*®

Discussion

drainage) or inside lymph nodes. Most probably, both
pathways were present, although their role may vary as a
function of changing intra- and extranodal endothelial

The data demonstrated that intravenously administereqP€rmeability. At this point, high variations between individual

lymph node specific nanocarrier accumulated in mediastinal
lymph nodes inside as well as in the near vicinity-gD
um) of phagocytes harboring inhaled microparticles. Sig-
nificant accumulation was also observed in all other lymph
node groups, in all intranodal phagocyte populations.

The carrier structure was developed to transport a variety

nodes (e.g., average standard deviation in carrier accumula-
tion 59+ 6% in peripheral nodes in a group of 32 animals)
do not allow data correlation with mathematical models.

(20) Papisov, M. I.; Martin, C.; Poss, K.; Weissleder, R.; Brady, T. J.
Amplification of steric effects in cooperative syster®soc. Int.
Symp. Controlled Release Bioact. Mater., 221995 442—-443.

of drug substances in a sterically protected internal core; our(21) Papisov, M. I.; Poss, K.; Weissleder, R.; Brady, T. J. Intravenous

earlier studies showed that high drug loads do not signifi-
cantly affect biodistribution. The nanocarrier used in this
study consisted of particles (formally, individual soluble graft
copolymer molecules) containing, on average, one polylysine

(19) Maeda, H.; Seymur, L. W.; Miyamoto, Y. Conjugates of anticancer

agents and polymers: advantages of macromolecular therapeutics

in vivo. Bioconjugate Cheml992 3, 351—362.

lymphotropic polymers: the SPAR effect. Rroceedings of the

Society of Magnetic Resonan@end meeting, San Francisco, CA;

SMR: Berkeley, CA, 1994; p 388.
(22) Poss, K.; Bogdanova, A. V.; Weissleder, R.; Brady, T. J.; Papisov,
M. I. Cytotoxicity of doxorubicin covalently linked with the
backbone of lymphotropic graft copolymers. $enth interna-
tional symposium on recent aainces in drug deliery systems,
Abstracts Salt Lake City, UT, 1995; University of Utah: Salt
Lake City, 1995; pp 173174.
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Carrier biodistribution demonstrated a potentially useful residing in these organs, which is to be investigated in future
sensitivity to the lymph node state. Local inflammations and studies of polye-D-glucose interaction with lymphatic lec-
lymph node reaction to antigens can induce dramatic changedins.
in vascular permeability, lymph flow, lymph node size, and
intranodal phagocyte activi?. All these factors could be ~ Conclusion
expected to affect carrier biodistribution, and result in a  The observed accumulation of palyo-glucose based
higher carrier uptake in hyperplastic or otherwise “activated” 10—15 nm nanocarriers in lymphatic phagocytes, in par-
sentinel nodes. Potentially, this can be used for targetedticularly in cells harboring inhaled microparticles and in their
loading of the affected and sentinel nodes with high drug near vicinity, presents a significant practical opportunity for
doses. infection therapy and prevention. The role of lymph nodes
in cancer spread and HIV proliferation provides another

The largest fraction of the carrier collected in lymph nodes . i
strong reason for developing systemic routes for lymph node

is localized in phagocytes. Carrier uptake by lymphatic ; : )
phagocytes is mediated by multiple interface pakp- loading with therapeutic agents. _
glucose chains, while other (internal) carrier components are Nanocarrier feasibility for drug transport to lymphatic

not essential for the lymphatic uptake. Several prior studies phagocytes depends on the availability of carriers with drug-
as well as our own experimeritshowed that single dextran "independent or at least nearly independent biokinetics. Such

B-512 molecules of any size are not effectively recognized independence can be achieved through drug incorporation

by phagocytes or any known lectins, and do not significantly into the inner, sterically protected carrier compartment that

accumulate in lymph nodes. On the contrary, dextran B-512 can bg eng|neered even in a smal-Ii nm partlcle.. .
. . e . - Availability of a suitable drug release mechanism is
is considered to be one of the most “biologically inert

. . . . another requirement directly relevant to the efficacy of an
polymers?* The difference in the interactions of dextran d y y

. . intranodally localized drug. Due to the high lysosomal
brushes and single dextran molecules with cells appears to y ¢ gh ¥

I i activity in phagocytes, drug release can possibly rely on
be purely quantitative; however, the results of these interac- ty In phagocyt 9 P y ety

: . Kably diff Thi h hydrolase activity or (in view of the low lysosomal pH) on
tions in vivo are remarkably different. This suggests that at ;. 5qgjsted hydrolysis. The effect of such release systems

least one strong cooperative effect is present in the phagocyte,, e intranodal drug distribution will be evaluated in our
interactions with multiple polyx-b-glucose chains. For ongoing studies

example, the presence of several ghains in_ th_e carrier-to- Depending on the chemical nature of the drug, phagocytes
cell contact zone enables summation of binding energy, yotentially can be used as an intermediate compartment for
which must result in an exponential increase in the associa-drug delivery to other intranodal cells. This will depend on
tion constant. Alternatively, cell interaction with a number he membrane permeability to the intracellularly released
of molecules is known to trigger endocytosis more efficiently drug molecule, and drug ability to diffuse or otherwise
than with a single molecule. Both effects can play a role in transjocate through-110 cell layers which typically separate
nanocarrier accumulation in lymph nodes, which can be jntranodal phagocytes from other cells. In oncology, intra-
mediated by multiple simultaneous low-energy interactions |ymphatic delivery of therapeutic radionuclides with rela-
with various surface lectins. tively long emitted particle diffusion in tissues, e.§.and

The dose independence and low level of hepatic ac- some positron emitters, may be an alternative for radiological
cumulation suggest that hepatic phagocytes are remarkablypostoperative prevention and/or treatment of lymphatic
inefficient in the recognition and uptake of nanoparticles of metastases.
this type, as compared to lymphatic phagocytes. Most likely,
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