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N
anomedicines (e.g., liposomes, bio-
compatible copolymers, dendrimers,
inorganic nanoparticles, viral vec-

tors, micelles, aptamers, protein aggregates,
and antibodies, etc.) have attracted signifi-
cant attention in recent years due to their
large drug carrying capacity, passive accu-
mulation in malignant and inflamed tissues,
long circulation times, and adaptability to
multiple functions.1�16While such desirable
attributes have been frequently applauded,
concerns regarding the efficiency of nano-
medicineextravasationandperfusion through
interstitial spaces to malignant targets have
also arisen.17,18 Tumor penetration con-
cerns have been especially heightened by
observations that a positive interstitial hy-
drostatic pressure may exist within malig-
nant masses that suppresses convective
flow from proximal blood vessels into the
tumor core.19,20

Although use of targeting ligands to en-
hance uptake of nanoparticles by patholo-
gic cells has recently increased,21�31 almost
nothing is known regarding the impact of
high affinity targeting ligands on the rate

and extent of nanoparticle tumor penetra-
tion. A “binding site barrier” has been pos-
tulated byWeinstein and co-workers, where
the first few targeted macromolecules to
escape a blood vessel are predicted to bind
to proximal cancer cells and obstruct pas-
sage of subsequent macromolecules to
deeper sites within the tumor.32�35 Our
lab has, in fact, demonstrated that a low
molecular weight folate-targeted drug ex-
periences a mild and transient “binding site
barrier”; however, this brief delay in tumor
penetration is followed by efficient perfu-
sion of the drug throughout the tumor
mass, resulting in no permanent deficiency
in tumor delivery.36

To begin to address the impact of a high
affinity targeting ligand on the rate and
depth of penetration of various sized nano-
medicines into solid tumors, we have de-
signed a model system comprised of a
targeting ligand linked to a polymer of the
desired size and a fluorescent dye for use in
in vivo visualization. Folic acid was selected
for tumor-specific targeting, because its
receptor (FR) is overexpressed on a large
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ABSTRACT Targeted therapies are emerging as a preferred strategy for the treatment of cancer

and other diseases. To evaluate the impact of a high affinity targeting ligand on the rate and extent of

tumor penetration of different sized nanomedicines, we have used intravital multiphoton microscopy

to quantitate the kinetics of tumor accumulation of a homologous series of folate-PEG-rhodamine

conjugates prepared with polyethylene glycols (PEG) of different molecular weights. We demonstrate

that increasing the size of the folate-PEG-rhodamine conjugates results in both longer circulation times

and slower tumor penetration rates. Although a “binding site barrier” is observed with the folate-

linked polymers in folate receptor expressing tumors, ligand targeting eventually leads to increased

tumor accumulation, with endocytosis of the targeted nanocarriers contributing to their enhanced tumor retention. Because the effects of nanocarrier size,

shape, chemistry, and targeting ligand are interconnected and complex, we suggest that these parameters must be carefully optimized for each

nanocarrier to ensure optimal drug delivery in vivo.
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fraction of human cancers,37�39 and since it binds FR
with high affinity (Kd ∼10�9 M). Polyethylene glycol
(PEG) polymers of different molecular weights were
chosen to mimic different sized nanomedicines, since
(1) they are commercially available in different molec-
ular weights that allow investigation of the impact of
nanoparticle size without interference from variations
in particle charge or surface chemistry, (2) they can all
be conjugated to a single folic acid with the same
chemistry, thereby avoiding artifacts arising from mul-
tivalent interactions, and (3) they are highly water-
soluble, facilitating their distribution throughout the
vascularized tissues of live animals. Finally, a single
rhodamine B fluorophore was conjugated to each
folate-PEG construct to enable visualization and quan-
titation of the rates of conjugate penetration through-
out solid tumor masses in vivo.

RESULTS AND DISCUSSION

Synthesis and Characterization of Folate-PEG-Rhodamine
Conjugates of Various Molecular Weights. A series of tumor-
targeted fluorescent conjugates, linked to different
sized polyethylene glycol (PEG) polymers, were synthe-
sized with a common folate-rhodamine “anchor” for
the purpose of comparing their pharmacokinetics of
tumor extravasation and perfusion. As shown in
Scheme 1, folic acid was first linked to the R-amino
group of lysine via standard solid phase chemistry,
after which a second lysine was tethered to the
ε-amino group of the first lysine. After deprotection
of the second lysine's R-amino group and ligation of
the same amine to mercaptopropionic acid, the
ε-amino group of the second lysine was conjugated
to rhodamine, leaving a protected thiol for subsequent

attachment to the desired maleimide-derivatized PEG
(Scheme 2). Following purification, each folate-PEG-
rhodamine conjugate was analyzed for (1) apparent
molecular weight, (2) folate to rhodamine ratio, (3)
fluorescence intensity, and (4) affinity and specificity
for the folate receptor (FR). The apparent molecular
weight of each conjugate was determined bymonitor-
ing its retention time on a gel filtration column. As seen
in Figure 1, in all cases, the elution volume of the folate-
targeted PEG conjugate was similar to the elution
volume of the unconjugated PEG, demonstrating that
attachment of neither folate nor rhodamine affected
the apparent size of the conjugate (compare red and
blue circles). More importantly, the apparent molec-
ular weights of all PEG molecules and their folate-
rhodamine conjugates were ∼8 times larger than
their true molecular weights, with folate-PEG(5 000)-
rhodamine eluting from the gel filtration column at an
apparent Mr ∼30 000 Da, and folate-PEG(20 000)-
rhodamine and folate-PEG(60 000)-rhodamine eluting
with apparent Mr ∼200 000 and ∼450 000 Da, respec-
tively. These unusually large hydrodynamic radii of PEG
polymers, which have been previously reported,42

render their folate conjugates useful models for study
of the penetration of targeted nanomedicines of var-
ious sizes into solid tumors.

The ratio of folate to rhodamine was next analyzed
by measuring the absorbance of folate and rhodamine
for each conjugate at 280 and 560 nm, respectively,
after which the molar ratio of folate to rhodamine was
calculated as described in Supporting Information
Figure S2. This ratio was expected to be 1:1 on the
basis of the stoichiometry of conjugate synthesis
(Scheme 1), and this expectation was confirmed in all

Scheme 1. Synthesis of folate-rhodamine-SH “anchor”. Reagents and conditions: (a) 20% piperidine in DMF, (b) Fmoc-Glu-
OtBu(1)/HOBt/HBTU/DIPEA/DMF, (c) Pteroic acid(2)/ HOBt/HBTU/DIPEA/DMF, (d) 1% TFA/DCM, (e) Fmoc-Lys(Mtt)�OH(3)/
HOBT/HBTU/DIPEA/DMF, (f) S-Trityl-3-mercaptopropionic acid(4)/HOBT/HBTU/DIPEA/DMF, (g) Rhodamine B isothiocyanate-
(5)/DIPEA, (h) 94.5% TFA/2.5% H2O/1% triisopropylsilane, (i) NH4þOH, pH 10.
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cases, suggesting that all conjugates have a folate
and a rhodamine. Confirmation of this stoichiom-
etry was important to ensure that penetration of

folate-PEG-rhodamine conjugates into tumors was
not impacted by large quantities of “invisible” folate-PEG
conjugates or “nonbinding” PEG-rhodamine conjugates.

Third, it was important to confirm that addition of
the PEG moiety to the folate-rhodamine backbone did
not quench rhodamine fluorescence. For this purpose,
the fluorescence intensity of each conjugate was ex-
amined at the same concentration and shown to be
nearly identical to that of folate-rhodamine, confirming
that rhodamine intensity could be used as ameasure of
conjugate concentration in vivo.

Finally, the binding affinity of each folate-PEG-
rhodamine conjugate for FR on KB cells was analyzed
by measuring KB cell fluorescence as a function of
conjugate concentration (Figure 2A). While the Kd of
folate-rhodamine for FR on cancer cells was found to
be∼24 nM, attachment of PEG(5000) increased this Kd
to∼70 nM, and linkage of the folate-rhodamine anchor
to PEG(20 000) further lowered the affinity to∼185 nM.
Conjugation of PEG(60 000), however, caused no
further reduction in binding affinity (Kd∼187 nM).
Although these differences in affinity will have to be
considered in our subsequent analysis of the data, it is
important to realize that binding of all folate-PEG-
rhodamine conjugates was efficiently competed with
excess folic acid, demonstrating that all bindingwas FR
mediated (Figure 2A, dotted lines). Moreover, within
30 min of folate-PEG-rhodamine addition, most folate
conjugates were endocytosed by their target cells
(Supporting Information Figure S3).

Rate of Serum Clearance of Folate-PEG-Rhodamine Conju-
gates. Because larger sized nanomedicines frequently
exhibit longer circulation times in vivo, folate-PEG-
rhodamine conjugates of different sizes were analyzed
for their kinetics of clearance from the blood. The half-
life of folate-rhodamine in Balb/cmicewas determined
to be ∼0.5 h, while the larger PEG conjugates had
half-lives of 1.2, 3.0, and 9.5 h for folate-PEG(5000)-
rhodamine, folate-PEG(20 000)-rhodamine, and folate-
PEG(60 000)-rhodamine, respectively (Figure 2B). Thus,
folate-PEG-rhodamine conjugates exhibit a circulation
half time dependence on size that is similar to other
nanoparticles, with the largest increase in area under
the curve (AUC) between PEG(20 000) and PEG(60 000);
i.e., the approximate molecular weight cutoff for renal
filtration.43 Finally, we also evaluated the stability of the
folate-PEG(60 000)-rhodamine conjugate in serum and
found the conjugate to remain intact and fluorescent
for the duration of the experiment (Figure 2B, dotted
line).

Tumor Penetration and Accumulation of Folate-PEG-Rhodamine
Conjugates in Vivo. Although microscopic evaluation of
the perfusion kinetics of drug molecules into malig-
nant masses has been frequently performed on mice
containing surgically implanted glass windows over
their tumors,44 we preferred to avoid this model since
inflammation associated with surgery can significantly

Figure 1. Characterization of folate-PEG-rhodamine con-
jugates by size exclusion chromatography. Folate-PEG-
rhodamine conjugates dissolved in PBS were separated by
size exclusion chromatography on Sephacryl 100-HR and
200-HR columns. Black circles: standard curve for the apparent
molecular weightmarkers, as indicated; red circles: folate-PEG-
rhodamine conjugates (folate-PEG(5000)-rhodamine[FPR5k],
folate-PEG(20 000)-rhodamine [FPR20k], folate-PEG(60 000)
[FRP60k]); blue circles: nontargeted PEG molecule of the
same molecular weights.

Scheme 2. Method for attachment of PEG-maleimide mol-
ecules of different sizes to the folate-rhodamine “anchor”.
Maleimide-activated PEG molecules were dissolved in PBS
and added to a 5-fold molar excess of folate-rhodamine-SH
with stirring overnight at room temperature under nitro-
gen. Compounds were purified by gel filtration chromatog-
raphy (GFC) as described in the Materials and Methods.
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influence the permeability of both the vasculature and
the tumor. Therefore, in order to monitor the kinetics
of tumor penetration of different sized folate-PEG-
rhodamine conjugates in a more natural environment,
KB tumors were implanted subcutaneously on the
legs of athymic nu/nu mice and allowed to grow to
∼5�6 mm in diameter. Because the skin covering the
tumor was thin, use of multiphoton microscopy en-
abled visualization of the perfusion and internalization
of the targeted fluorescent dyes deepwithin the tumor
masses in a noninvasive manner.

Real time quantitation of tumor concentrations of
the larger folate-PEG-rhodamine conjugates following
tail vein injection (500 nmol/kg) revealed surprisingly
little tumor-associated fluorescence, even at 65 min
postadministration (Figure 3A, first row). In order to
confirm that this minimal tumor accumulation was not
a consequence of insufficient FR or inadequate camera
sensitivity, folate-rhodamine was injected into the tail
vein of the same mouse at the 65 min time point, and
its accumulation was again monitored at the same
tumor site. As seen in both the fluorescence micro-
graphs and the associated quantitative plots, folate-
rhodamine rapidly penetrated and saturated folate
receptors in the same tumor (Figure 3A, second row),
maximizing receptor occupancy within∼5 min of con-
ugate injection. At this 5 min time point, the relative
folate-rhodamine uptake was 6 times greater than that
seen with the folate-PEG-rhodamine conjugates after
1 h of tumor perfusion. These data suggest that an
absence of folate receptors or lack of microscope

sensitivity cannot account for the limited accumulation
of the folate-PEG-rhodamine conjugates. The data
consequently argue that the larger folate-targeted
nanoparticles access tumor FR much more slowly than
smaller folate-rhodamine conjugate.

More prolonged monitoring of folate-PEG(5000)-
rhodamine and folate-PEG(20 000)-rhodamine accu-
mulation in the tumor showed increased but still
limited rhodamine fluorescence at 4, 12, and 24 h time
points (Figure 4). In contrast, significant accumula-
tion of the same folate-PEG-rhodamine conjugates
was prominent in the kidneys by 1.5 h postinjection
(Supporting Information Figure S4). Since the kidney
constitutes the major nonmalignant tissue known to
express FR,37�39 these data demonstrate that folate-
PEG(5000)-rhodamineand folate-PEG(20000)-rhodamine
readily bind FR if they can access the receptor in vivo. In
fact, the punctate intracellular distribution of the
folate-PEG-rhodamine conjugates in the tumor at the
24 h time point strongly suggests that the conjugates
were recognized and internalized by FR-mediated
endocytosis in the tumor (Figure 4, lower panel). On
the basis of these observations, we conclude that the
limited tumor accumulation of folate-PEG(5000)-
rhodamine and folate-PEG(20 000)-rhodamine conju-
gates derives from the fact that their excretion by the
kidneys is far more rapid than their penetration of the
tumors, as suggested by the pharmacokinetic data in
Figure 2.

The kinetics of penetration and uptake of folate-
PEG(60 000)-rhodamine by the tumor was different

Figure 2. Analysis of folate receptor binding affinity and circulation half-life of folate-PEG-rhodamine conjugates of different
PEG sizes. (A) Binding affinities of folate-PEG-rhodamine conjugates to KB cells were determined by incubating the cells with
different concentrations of conjugate for 30min at 4 �C either in the presence (dotted lines) or absence (solid lines) of 10-fold
molar excess of free folic acid. After washing to remove unbound conjugate, cells were dissolved in 2% sodium
dodecylsulfate, and cell-associated fluorescence was quantitated. (B) Plasma half-lives of folate-PEG-rhodamine conjugates
were determined by injecting Balb-c mice i.v. with 500 nmol/kg of each conjugate and analyzing sampled serum for
rhodaminefluorescence as described in theMaterials andMethods. Dotted line: fresh serum fromBalb-cmicewas spikedwith
folate-PEG(60 000)-rhodamine ex vivo, and the fluorescence was measured at different time points to determine the
conjugate's stability in serum.
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from folate-PEG(5000)-rhodamine and folate-PEG-
(20 000)-rhodamine (Figure 5), with tumor accumula-
tionmore prominent at later time points (4�48 h). That
this accumulation was, in fact, FR-mediated could be
demonstrated by the ability of a 100-fold excess of a
water-soluble derivative of folic acid (EC20) to markedly

reduce rhodamine fluorescence in the tumor (Support-
ing Information Figure S5). The strong intracellular punc-
tate distribution of rhodamine fluorescence further
confirms this hypothesis (bottom rows). While other
explanations are possible, we interpret the more pro-
minent accumulation of folate-PEG(60 000)-rhodamine

Figure 3. Image analysis of the accumulation of folate-PEG(5000)-rhodamine (FPR-5k) and folate-PEG(20 000)-rhodamine
(FPR-20k) in tumor tissue as a function of time following i.v. injection of each conjugate. (A) FPR-20k (red color) was
administered i.v. at 500 nmol/kg, and its accumulation in the tumor tissuewasmonitored for∼65min (top row), at which time
500 nmol/kg folate-rhodamine (red color) (MW 1069) was injected into the same tail vein, and the uptake of rhodamine was
monitored for an additional 30 min (bottom row). (B) Quantitative analysis of the kinetics of accumulation of FPR-5k (top
panel) and FPR-20k (bottom panel) in tumor tissue followed by administration of the much smaller folate-rhodamine in the
same vein.

Figure 4. Accumulation of folate-PEG(5000)-rhodamine and folate-PEG(20 000)-rhodamine in tumor tissue at longer time
points. 500 nmol/kg of each conjugate (red color) was administered i.v., and tumor uptakewasmonitored for 24 h. For ease of
anatomical analysis, blood vessels were labeled with dextran-FITC (yellow), and cell nuclei were labeled with Hoescht 33342
(blue). The images were taken at random spots around the tumor at a depth ∼60�70 μm from the tumor surface.
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in the tumor to arise from the fact that folate-PEG-
(60 000)-rhodamine remains in circulation much longer
(see Figure 2B), allowing it greater opportunity to perfuse
the tumor before it filters through the kidneys. Indeed,
accumulation of folate-PEG(60 000)-rhodamine in the
tumor was still increasing at the 48 h time point, a

property not shared by the smaller folate-rhodamine
conjugates.

Although the intravenously injected dose of folate-
rhodamine (500 nmol/kg) was more than sufficient to
saturate all FR in the tumor mass,36 because of the
larger folate-PEG-rhodamine conjugates' lower affi-
nities for FR, we wondered whether a higher dose of
folate-PEG-rhodamine might lead to more complete
tumor saturation. To test this hypothesis, we repeated
the above studies, only we injected 8-fold more folate-
PEG(60 000)-rhodamine (i.e., 4000 nmol/kg) to com-
pensate for its 8-fold weaker FR affinity. As shown in
Figure 6A and B, this higher dose indeed increased
overall tumor-associated fluorescence, but still failed to
saturate the tumor, yielding a fluorescence intensity at
the 1 h time point that was less than 1/3 the intensity of
the saturating dose of folate-rhodamine at a 5min time
point (compare Figure 3B). Because of difficulties
associated with keeping these mice alive for extended
periods under anesthesia, it was not possible to deter-
mine whether folate-PEG(60 000)-rhodamine might
eventually saturate tumor FR at very long time points
(Figure 6B), but we anticipate that both tumor accu-
mulation and kidney excretion would have continued
with similar kinetics.

Comparison of Tumor Accumulation of Folate-BSA-Fluorescein
versus Folate-Fluorescein. In order to confirm the ob-
served effects of targeted particle size on tumor accu-
mulation in an orthogonal system, we compared
accumulation of folate-fluorescein with folate-BSA-
fluorescein in the same murine tumor model. At 2 h
following tail vein injection of either conjugate, tumors
were imaged and then digested, andderived cellswere
examined for accumulation of folate-fluorescein and
folate-BSA-fluorescein by flow cytometry. As seen in
Figure 7B, unfractionated cells isolated from tumors
from mice not treated with any folate conjugate
showed 1% positive cells (negative control). In con-
trast, cells isolated from tumors of mice injected with
folate-fluorescein displayed 15% positive cells, while

Figure 5. Accumulation of folate-PEG(60 000)-rhodamine at
long time points. 500 nmol/kg of the conjugate (red color)
was administered i.v. in the tail vein. Tumor-associated
rhodamine fluorescence was visualized at 4 h (first row),
24 h (second row), and 48 h (third row). The digital zoom of
tumor cells at 24 (left) and 48 h (right) after conjugate
administration (bottom row) reveal the intracellular loca-
tion of the conjugate. For ease of anatomical analysis, blood
vessels were labeled with dextran-FITC (yellow), and cell
nuclei were labeled with Hoescht 33342 (blue). The images
were taken at random spots around the tumor at a depth
∼60�70 μm from the tumor surface.

Figure 6. Accumulationofhigherdosesof folate-PEG(60000)-rhodamine in tumor tissueasa functionof time. (A) 4000nmol/kgof
folate-PEG(60000)-rhodamine conjugate (red color) was administered i.v., and tumor accumulation was monitored for∼70 min.
(B) Comparison of the rates of tumor uptake of folate-PEG(60000)-rhodamine following i.v. administration of 4000 versus
500 nmol/kg of the conjugate.
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cells from mice injected with folate-BSA-fluorescein
yielded only 3.8% labeled cells. After adjusting for the
fact that each BSA was conjugated to 7�12 mol of
fluorescein (see Materials and Methods), one can esti-
mate that the smaller folate-fluorescein conjugate had
accumulated in the tumor mass by the two hour time
point ∼40-fold more readily on a molar basis than
folate-BSA-fluorescein.

One of the anticipated consequences of using
ligands to target nanoparticles to pathologic cells in
diseased tissues is the emergence of a “binding site
barrier”, where docking of the initial ligand-targeted
nanoparticles to cancer cells most proximal to the
blood vessel blocks passage of subsequent nanoparti-
cles to sites deeper in the tumor mass.45�47 Although
the function of this paper was not to quantitate the
magnitude of the binding site barrier that impedes
tumor perfusion of folate-PEG-rhodamine conjugates,
analysis of the images in Figures 4 and 5 reveals that
most of the fluorescence is concentrated near a blood
vessel. Indeed, a detailed mathematical evaluation
of the same data has revealed that the conjugates
generate a substantial and sustained binding site
barrier that renders their penetration into tumors
much slower than that of folate-rhodamine.48 It will
now be important to determine which adjustments in
nanoparticle size, shape and/or chemistry can

eliminate such impediments while maintaining
the desirable drug delivery capabilities of larger
nanocarriers.

CONCLUSIONS

Using a well-characterized homologous series of
folate-targeted PEG-rhodamine conjugates of different
sizes, we have investigated the impact of size on the
kinetics of ligand-targeted nanoparticle accumula-
tion in solid tumors in vivo. We find that folate-PEG-
rhodamine conjugates accumulate more slowly and
less efficiently in tumor masses than the much smaller
folate-rhodamine conjugate. We also observe that the
intermediate sized folate-PEG(5000)-rhodamine and
folate-PEG(20 000)-rhodamine achieve only limited tu-
mor accumulation at longer time points, probably
because they filter into the urine before they have
time to perfuse the tumor. In contrast, the larger folate-
PEG(60 000)-rhodamine conjugate may display en-
hanced tumor cell uptake due to its significantly longer
circulation time in vivo. The fact that folate targeting
augments tumor accumulation of all of the above
conjugates can be established from the reduced tumor
accumulation of the same conjugates in mice pre-
treated with excess folate (i.e., to preblock tumor FR)
and from the punctate intracellular distributions of the
nanoparticles in the tumor cells in vivo, suggesting
endosomal localization.
Although fewer rhodamine molecules may ultimately

be delivered to tumor FR with folate-derivatized nano-
carriers, several well characterized merits of nanocar-
riers can be exploited to at least partially offset their
lower tumor accumulation. First, the binding affinity of
the nanoparticle for tumor FR can be enhanced by
increasing the number of targeting ligands attached to
each nanocarrier. Thus, multivalent attachments can
augment binding avidity when high affinity mono-
valent interactions cannot be achieved. Second, the
folate-targeted nanoparticles can be loaded with large
drug payloads to mitigate their reduced accumulation
in tumor sites. Third, higher concentrations of the
nanomedicines can be administered to drive greater
tumor accumulation as shown in Figure 6. While a
variety of other remedies for reduced tumor penetra-
tion undoubtedly exist, the final choice of nanoparticle
size, shape, chemistry, and targeting ligandwill have to
be carefully evaluated to ensure optimal performance
of each nanocarrier.

MATERIALS AND METHODS
Materials. Fmoc-protected amino acid derivatives, Fmoc-

Lys(Mtt)-loadedWang resin, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tet-
ramethyluronium hexafluorophosphate (HBTU), and N-hydroxy-
benzotriazole (HOBT) were purchased from Novabiochem (San
Diego, CA). N10-Trifluoroacetylpteroic acid was synthesized from
folic acid as described previously.40 Rhodamine B isothiocyanate,

all protein standards, Sephadex G-50 columns, bovine serum
albumin-fluorescein (BSA-fluorescein, A9771), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and blue dextran
were all purchased from Sigma (St. Louis, MO). Activated
polyetheleneglycol molecules of different molecular weights
were obtained from Nektar Therapeutics (San Carlos, CA).
Folate-deficient RPMI 1640 mediumwas obtained from Gibco

Figure 7. Accumulation of folate-BSA-fluorescein in tumor
tissue. (A) Fluorescence images of excised tumors after i.v.
administration of 10 nmol of folate-fluorescein (left column)
or 10 nmol of folate-BSA-fluorescein (right column). (B)
Analysis of fluorescein-labeled cells following collagenase-
digestion of solid tumor tissue. Mice were injected intrave-
nously with (a) PBS, (b) 10 nmol of folate-fluorescein, or (c)
10 nmol of folate-BSA-fluorescein and euthanized 2 h later.
Tumors were then resected amd digested, and the unfrac-
tionated mixture of tumor and stromal cells was analyzed
immediately by flow cytometry.
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BRL (Gaithersburg, MD), and folate-fluorescein was a generous
gift from Endocyte, Inc. (West Lafayette, IN). Balb-c mice,
athymic nude mice, and folate-deficient rodent chow were
purchased from Harlan (Indianapolis, IN). The sources of other
chemicals are described in the text.

Synthesis of Folate-PEG-Rhodamine Constructs of Different Sizes. Folate-
rhodamine (MW 1069) was synthesized as previously described.36

Folate-PEG-rhodamine conjugates of larger sizes were assembled
in two steps. A folate-rhodamine-SH “anchor”was initially synthe-
sized using standard Fmoc solid phase peptide synthesis on an
R-Fmoc-protected lysine-loaded Wang resin as shown in
Scheme 1. The folate-rhodamine-SH anchor was then conjugated
to a maleimide-activated PEG molecule of the desired size
(PEG(5000), PEG(20 000), or PEG(60000)) as depicted in Scheme 2.
The folate-PEG-rhodamine conjugates were purified by gel filtra-
tion chromatography using a coarse Sephadex G-50 column
equilibrated in water (fractionation range for globular proteins:
1500�30000) under gravity (Supporting Information Figure S1).

Characterization of the Molecular Weight of Folate-PEG-Rhodamine
Conjugates. The apparent molecular weight of each folate-PEG-
rhodamine conjugate was determined at room temperature in
phosphate buffered saline by gel filtration chromatography on
a Sephacryl 100-HR or 200-HR column. The ratio of the elution
volume to void volume (Ve/Vo) of each conjugatewas compared
with the Ve/Vo ratio of protein standards to assess conjugate
size. Column void volume was determined by monitoring the
elution of blue dextran (Mr ∼2 000 000) at 610 nm, and elution
volumes of protein standards were assessed by following
absorbance at 280 nm. The 24 cm � 1.0 cm Sephacryl 100-HR
column (Mr range 1000�10 000 Da) was used to determine the
size of the folate-PEG(5000)-rhodamine conjugate, with brady-
kinin fragment 2�9 (Mr ∼904), aprotinin from bovine lung
(Mr 6511.44), myoglobin from horse heart (Mr ∼17 000), carbo-
nic anhydrase from bovine erythrocytes (Mr ∼29 000), bovine
serum albumin (Mr ∼66 000), and aldolase (Mr ∼161 000) used
as standards. The 22 cm� 1.0 cm Sephacryl 200-HR (Mr range
5�250 kDa) was employed for assessment of the sizes of
the folate-PEG(20 000)-rhodamine and folate-PEG(60 000)-
rhodamine conjugates, with myoglobin from horse heart
(Mr∼17 000), carbonic anhydrase (Mr∼29 000), bovine serum
albumin (Mr ∼66 000), alcohol dehydrogenase from yeast
(Mr ∼150 000), β-amylase from sweet potato (Mr ∼200 000),
apoferritin from horse spleen (Mr ∼443 000), and bovine
thyroglobulin (Mr ∼669 000) used as standards.

Characterization of Folate to Rhodamine Ratio for Folate-PEG-Rhoda-
mine Conjugates. To quantitate the ratio of folate to rhodamine
on the folate-PEG-rhodamine conjugates, the extinction coeffi-
cients of pure folic acid and pure rhodamine B isothiocyanate in
water were measured at two different wavelengths, 280 and
560 nm, by constructing standard curves at both wavelengths.
Known weights of each folate-PEG-rhodamine conjugate were
then dissolved in water, and their absorbances were measured
at 280 and 560 nm. The ratio of folate to rhodamine on each
targeted conjugate was then determined by solving the simul-
taneous equations for the concentration of folic acid [FA] and
the concentration of rhodamine [Rhod]:

A280 ¼ ε280(FA) 3 [FA]þ ε280(Rhod) 3 [Rhod]

A560 ¼ ε560(FA) 3 [FA]þ ε560(Rhod) 3 [Rhod]

In Vitro Specific Binding of Folate-PEG-Rhodamine Conjugates. KB
cells (a FR-positive malignant human cancer cell line) were
obtained from American Type Culture Collection (Rockville,
MD) and cultured at 37 �C in a humidified atmosphere contain-
ing 5% CO2. The cells were grown continuously as a monolayer
in folate-deficient RPMI 1640 medium supplemented with 10%
fetal bovine serum, penicillin (50 units/mL), and streptomycin
(50 μg/mL). To establish the specificity of folate conjugate
binding, 106 KB cells were suspended in 1mL of folate-deficient
RPMI 1640medium and incubated with 100 nM of a folate-PEG-
rhodamine conjugate for 30 min at 37 �C in the presence or
absence of excess competing ligand (100-fold molar excess of
free folic acid, preincubation for 5 min). After incubation, the
cells werewashed 3 times with ice-cold PBS and resuspended in

PBS. Cells were then examined under a fluorescent microscope
(Olympus BH-2), and images were taken using an Olympus
DP70 digital camera.

Binding Affinity of Folate-PEG-Rhodamine Conjugates. KB cells were
seeded into 6-well plates and grown until they reached ∼90%
confluence. The cells were then incubated at 4 �C with different
concentrations of the desired folate-PEG-rhodamine conjugate
either in the presence or absence of a 10-fold excess of folic acid
for 30 min at 37 �C. After incubation the cells were washed 3
times in ice-cold PBS, and 2mL of 2% SDS solutionwas added to
each well to dissolve the cells. Rhodamine fluorescence was
measured in each cell solution using an AMINCO Bowman
Series 2 luminescence spectrometer (SLM Instruments).

Analysis of Rate of Clearance of Folate-PEG-Rhodamine Conjugates
from Circulation. Animal procedures were carried out with ap-
proval of the Purdue Animal Care and Use Committee. Mice
were injected intravenously with 500 nmol/kg of folate-PEG-
rhodamine conjugate, and ∼200�300 μL of blood was col-
lected at the desired times over the next 48 h via paraorbital
bleeding. After allowing 1�2 h for the blood to coagulate, the
serum was collected and analyzed for rhodamine fluorescence.
A standard curve of rhodamine fluorescence intensity in Balb-c
serum versus concentration was constructed for each conjugate
and used to estimate the concentration of each folate-PEG-
rhodamine conjugate in each serum sample. The circulation
half-life for each conjugate was approximated by plotting the
intensity of rhodamine fluorescence in the serum versus time.

In Vivo Uptake and Accumulation of Folate-PEG-Rhodamine Conjugates.
Real-time tumor accumulation of each folate-PEG-rhodamine
conjugate was monitored using two-photon microscopy and
analyzed as described previously.36

In Vivo Uptake and Accumulation of Folate-BSA-Fluorescein. Folate-
BSA-fluorescein was synthesized and characterized as pre-
viously described.41 Female athymic nudemicewere implanted
subcutaneously with 106 KB cells, and after allowing 3 weeks for
tumors to grow, mice were injected via tail vein with 10 nmol of
either folate-fluorescein or folate-BSA-fluorescein. After 2 h,
mice were euthanized and imaged using a Kodak Image Station
operated with Kodak molecular imaging software (version 4.5;
Carestream Molecular Imaging). Fluorescent image settings
were as follows: illumination source = multiwavelength, acqui-
sition time = 2 min, f-stop = 2.8, focal plane = 5, FOV = 160,
binning = 2 � 2, excitation filter = 465 nm, emission filter =
535 nm. White light image settings were as follows: illumina-
tion source = white light transillumination, acquisition time =
0.175 s, f-stop = 11, focal plane = 5, FOV = 160, binning = none,
excitation = white light, emission filter = none. After image
acquisition, tumors were resected and digested for 1 h with a
cocktail containing 10 mg of collagenase, 1 mg of hyaluroni-
dase, and 0.2 mg of deoxyribonuclease 1 in 10 mL of folate
deficient media and then filtered through a 40 μm cell strainer
and analyzed on a FACSCalibur flow cytometer (BD Bioscience)
with CellQuant software version 3.5.
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