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ABSTRACT
Purpose To use noninvasive fluorescence imaging to investi-
gate the influence of molecular weight (MW) of proteins on the
rate of loss from a subcutaneous (SC) injection site and subse-
quent uptake by the draining lymph nodes in mice.
Methods Bevacizumab (149 kDa), bovine serum albumin (BSA,
66 kDa), ovalbumin (44.3 kDa) or VEGF-C156S (23 kDa), la-
beled with the near infrared dye IRDye 680, were injected SC
into the front footpad of SKH-1 mice. Whole body non-invasive
fluorescence imaging was performed to quantitate the fluores-
cence signal at the injection site and in axillary lymph nodes.
Results The half-life values, describing the times for 50% loss
of proteins from the injection site, were 6.81 h for bevacizu-
mab, 2.85 h for BSA, 1.57 h for ovalbumin and 0.31 h for
VEGF-C156S. The corresponding axillary lymph node expo-
sure, represented as the area of the % dose versus time curve,
was 6.27, 5.13, 4.06 and 1.54% dose ∙ h, respectively.
Conclusions Our results indicate that the rate of loss of pro-
teins from a SC injection site is inversely related to MW of
proteins, while lymph node exposure is proportionally related
to the MW of proteins in a mouse model.
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ABBREVIATIONS
BSA bovine serum albumin
FLN fraction of the dose recovered at the

axillary lymph nodes
FSC fraction of original signal remaining at the

SC injection site
IRDye infrared dye
LN lymph node
MW molecular weight
ROI region of interest
SC subcutaneous
SDS-PAGE sodium dodecyl sulfate-polyacrylamide

gel electrophoresis
VEGF vascular endothelial growth factor

INTRODUCTION

Subcutaneous (SC) administration continues to be an im-
portant route for the delivery of protein drugs. Following
SC administration, a drug can be transported to the blood
system either by the blood capillaries or by the lymphatics.
While small drug molecules are rapidly and extensively
absorbed after SC injection, the systemic bioavailability of
protein drugs is often incomplete with values ranging from
∼20 to 100% of the administered dose (1,2). One of the
reasons is that, for small molecules, the blood capillary wall
diffusivity is very high and there is little restriction to drug
transport, whereas the permeability of macromolecules
through the blood capillaries is low (3,4). Based on studies
performed using a sheep model, the lymphatics have been
reported to represent the primary absorptive pathway for
molecules with molecular weights (MW) greater than
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16 kDa since more than 50% of the administered dose is
recovered in peripheral lymph for these proteins (3). If the
protein drugs are not removed or degraded during transport
through the lymphatic system, proteins enter the blood-
stream via the thoracic and right lymphatic ducts, contrib-
uting to the bioavailability of the proteins.

Studies in the sheep model have demonstrated a linear
relationship between the MW of a protein and the propor-
tion of the dose absorbed by the lymphatics, as determined
by popliteal lymph sampling following the SC administra-
tion of proteins (3). A similar relationship has been demon-
strated in the rat, although the amounts of proteins
recovered in the thoracic lymph were small (5).

The objective of this study was to evaluate the influence
of MW on the absorption of protein from an SC injection
site and draining lymph node uptake of a series of proteins
following SC administration in mice using in vivo optical
imaging. We labeled four proteins with different MWs,
namely bevacizumab (149 kDa), bovine serum albumin
(BSA) (66 kDa), ovalbumin (44.3 kDa) and VEGF-C156S
(23 kDa), with a near infrared dye, IRDye 680. To over-
come the difficulties of lymph sampling from small animals,
noninvasive real time fluorescent imaging of the live mice
was performed to quantitatively evaluate the loss of protein-
IRDye 680 conjugates from the SC injection site and their
accumulation over time in the axillary lymph nodes that
drain the site of SC injection. The use of proteins of varying
MWs allows the exploration of the role of MW in the
absorption rate and the lymphatic uptake of the proteins.

MATERIALS AND METHODS

Materials

IRDye 680 protein labeling-High MW kit was purchased
from LI-COR Biosciences (Lincoln, NE, USA). Avastin®
(bevacizumab, 25 mg/mL; Genentech) was purchased from
Genentech (San Francisco, CA, USA). Bovine serum albu-
min (BSA, purity ≥99%) and ovalbumin (not less than 98%
pure) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Recombinant human VEGF-C (Cys156Ser), purity
>95%, was purchased from R&D Systems (Minneapolis,
MN, USA). Novex tris-glycine SDS sample buffer,
NuPAGE® sample reducing agent, Novex tris-glycine-
SDS running buffer, Novex 10% tris-glycine gel for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) for high molecular weight proteins (>30 kDa) and
Novex tricine SDS sample buffer, Tris-tricine-SDS running
buffer, Novex 16% tricine gel for SDS-PAGE for low mo-
lecular weight proteins (<30 kDa) and Novex sharp protein
standard and SimplyBlue® safe stain were purchased from
Invitrogen (Carlsbad, CA, USA). Isoflurane was obtained from

Hospira Inc. (Lake Forest, IL, USA). Pierce Zeba™ desalting
spin column was obtained from Pierce Biotechnology
(Rockford, IL, USA).

Synthesis of IRDye-680-Labeled Protein Conjugates

Using an IRDye 680 protein labeling kit, 1 mg of bevacizu-
mab, BSA, or ovalbumin or 100 μg of VEGF-C156S was
conjugated with IRDye 680 according to the manufacturer’s
instructions. For example, for ovalbumin, the pH of 1 mL of
1 mg/mL ovalbumin in PBS solution was adjusted to 8.5 by
adding 0.1 mL of 1 M potassium phosphate buffer (pH 9).
Then 21.4 μL of 4.2 mM IRDye 680-NHS ester in water
was added drop by drop into the above ovalbumin solution
and the solution was kept at room temperature for 2 h in the
dark without stirring. The reaction molar ratio of IRDye 680
to ovalbumin was 4:1. After the conjugation, the reaction
solution was then loaded on a Pierce Zeba™ desalting spin
column and centrifuged at 1,000×g for 2 min to remove the
free dye. The ovalbumin-IRDye 680 conjugate was stored at
−20°C until use. The other protein-IRDye 680 conjugates
were synthesized using a similar procedure. The concentra-
tion of each protein in PBS solution used in the conjugation
reaction was 1 mg/mL. The reaction molar ratios of IRDye
680 to bevacizumab, BSA and VEGF-C156S were 8:1, 4:1
and 15:1, respectively, which were optimized based on the
reaction conditions suggested by the IRDye manufacturer.

To calculate the dye and protein labeling ratio (dye over
protein ratio, D/P) for the IRDye 680 labeled protein con-
jugates, the BSA, ovalbumin and VEGF-C156S conjugates
were diluted with PBS: methanol (1:1). Bevacizumab con-
jugates were diluted with PBS: methanol (9:1). A UV-visible
spectrophotometer PharmaSpec UV-1700 (Shimadzu Sci-
entific Instruments, Columbia, MD, USA) was used to de-
termine the molar extinction coefficient at 280 nm of
proteins (ε protein) and the absorbance of the protein
IRDye 680 conjugates at 280 nm (A280) and 688 nm
(A688). The D/P ratio was calculated according to the
absorbance of the IRDye 680 at 688 nm and the absorbance
of proteins at 280 nm based on the manufacturer’s instruc-
tions (LI-COR). The final bevacizumab, BSA, ovalbumin or
VEGF-C156S concentrations were calculated according to
the absorbance of protein conjugates at 280 nm.

Confirmation of the IRDye-680-Labeled Protein
Conjugates by SDS-PAGE

Reducing SDS–PAGE was performed to confirm the con-
jugation of the proteins with IRDye 680 using an XCell
SureLock™ Mini-Cell electrophoresis system (Invitrogen,
Carlsbad, CA). For bevacizumab, BSA and ovalbumin
IRDye 680 conjugates, 8 μL of each conjugate was mixed
with 10 μL of Novex Tris-Glycine SDS sample buffer and
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2 μL of NuPAGE sample reducing agent and separated on a
10% Tris-Glycine gel. Electrophoresis for the above three
proteins was carried out at a constant voltage (200 V) for
40 min. VEGF-C156S conjugates or standards were mixed
with Novex Tricine SDS sample buffer and reducing agent
and separated on a Novex 16% Tricine gel. Electrophoresis
for VEGF-C156S was carried out at a constant voltage
(200 V) for 26 min. After taking fluorescent images with
the Maestro in vivo imaging system (Cambridge Research &
Instrumentation, Inc., Woburn, MA) with an excitation
wavelength of 575–605 nm and emission wavelength of
645 nm long pass using an exposure time of 1000 ms, the
gels were stained with SimplyBlue® safe stain overnight and
then imaged with Maestro imaging system using white light.

Non-Invasive Fluorescence Imaging

For non-invasive fluorescence imaging, 8 to 12 week-old
male immunocompetent, hairless SKH-1 mice (Charles
River Laboratories, Wilmington, MA) were used (6). All
mice were maintained and used in accordance with the
animal protocol approved by the Institutional Animal Care
and Use Committee, University at Buffalo. SKH-1 mice
were injected subcutaneously in the right front footpad
(Fig. 1) with 0.1 mg/kg of IRDye 680 labeled bevacizumab,
0.1 mg/kg of IRDye 680 labeled BSA, 0.08 mg/kg of
IRDye 680 labeled ovalbumin or 0.01 mg/kg of IRDye
680 labeled VEGF-C156S (the injection volume for each
protein is about 15 μL). The doses of the dye of the above
four protein conjugates are all equivalent to 1.5 nmol
IRDye 680/kg. We selected this dye dose because prelimi-
nary studies with varying doses indicated no saturation of
the fluorescence signal at this dose. Non-invasive fluores-
cence imaging of the SC injection site and lymph nodes that
drain the SC injection site (Fig. 1) was carried out using the
Maestro imaging system (7–10). A filter set with the excita-
tion wavelength of 575–605 nm and emission wavelength of
645 nm long pass was used for acquiring fluorescence im-
aging of protein-IRDye 680 conjugate in vivo. Identical
imaging conditions, including exposure time (1 s), binning
factor (2×2), and fields of view (5.0×6.8 cm), were used for
acquiring all images. Animals were anesthetized with iso-
flurane and placed dorsally in the Maestro imaging system,
and images were taken at 5, 10, 15 and 30 min and 1, 2, 3,
4, 5, 8 and 24 h. The injection site was covered with black
tape to avoid saturation of the camera by the strong fluo-
rescence signal at the injection site (11). The captured
images (spectral cube, containing a spectrum at every pixel)
were analyzed using the Maestro software. Spectra from the
autofluorescence from the skin and IRDye 680 associated
fluorescence signal were unmixed and the background was
subtracted. Then the fluorescence signal at the region of
interest (ROI) was quantitatively analyzed using the

software. The axillary lymph nodes area and the injection
site were designated as the two ROIs. The fraction of the
dose present at the SC injection site (FSC%) was determined
by dividing the fluorescence signal at the ROI of the SC
injection site at predetermined time points by the maximal
fluorescence signal at the ROI of the SC injection site,
which was assumed to represent the injected dose. Then
FSC% was plotted as a function of time. The fraction of the
dose recovered in the axillary lymph nodes (FLN%) was
determined by dividing the total fluorescence signal at the
ROI of the axillary lymph nodes at each time point by the
maximal fluorescent signal at the ROI of the injection site
and plotted as a function of time.

Characterization of the Stability of IRDye-680-Labeled
Protein in Lymph Node Homogenate and Injection Site
Homogenate

Stability of IRDye-680 labeled bevacizumab, BSA and ov-
albumin was determined in lymph node homogenates and
injection site homogenate using SDS-PAGE. Blank lymph
nodes and injection site tissues including skin and fat were
homogenized in T-PER tissue protein extraction reagent
(20:1, v/w (mL:g)). IRDye 680 protein conjugates
(500 μg/mL) were incubated in lymph node homogenate
or injection site homogenate at 37°C for 0, 24 and 72 h. An
aliquot (8 μL) of each sample was mixed with 12 μL of
Laemmli Sample Buffer with 5% β-mercaptoethanol and
10 μL of each sample was separated on a 4%–15% precast
polyacrylamide gel (BIO-RAD, Hercules, CA). Electropho-
resis for the above three proteins was carried out at a
constant voltage (200 V) for about 25 min.

Fig. 1 Schematic of the route of SC injection and the uptake of protein-
IRDye 680 conjugate in the axillary lymph nodes including lateral axillary
lymph node and axillary lymph node in our mouse model. The site of
injection and localization of lateral axillary lymph node (LN), axillary lymph
node, cervical lymph nodes, inguinal lymph nodes and thymus are
indicated.
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Data Analysis

In order to better characterize the loss of different proteins
from the SC injection site, nonlinear regression was per-
formed for the mean value of FSC% versus time plots using
GraphPad Prism (v. 5.0, GraphPad Software, San Diego,
California, USA). The fitting model is Fsc ¼ Fsc0 � expð�
k � tÞ, where Fsc0 is the Fsc value when t (time) is zero and k
is the rate constant for the loss from the SC injection site.
Half-life (t1/2), representing 50% loss from the SC injection
site, was calculated as ln(2)/k. For the four FLN% versus time
profiles, non-compartmental analysis was performed using
WinNonlin 5.0 (Pharsight Corporation, Mountain View,
CA, USA). The maximum FLN% (Fmax) and time to reach
the maximum (tmax) were calculated directly from experi-
mental data (n03). The area under the FLN% versus time
curve from zero to infinity (AUC 0-∞) was calculated by the
trapezoidal rule with extrapolation to infinity based on the
value of FLN% versus time plots.

RESULTS

Synthesis and Characterization of Protein IRDye 680
Conjugates

In our study, we employed the fluorescent dye, IRDye 680
which bears an NHS ester reactive group that is coupled to
the primary amines of bevacizumab, BSA, ovalbumin and
VEGF-C156S, forming stable bioconjugates. The D/P ra-
tios of IRDye 680 to bevacizumab, BSA, ovalbumin and
VEGF-C156S were 2:1, 1:1, 0.9:1 and 4:1, respectively,
when the reaction molar ratios of IRDye 680 to bevacizu-
mab, BSA, ovalbumin and VEGF-C156S were 8:1, 4:1, 4:1
and 15:1, respectively. The final concentration of bevacizu-
mab, BSA, ovalbumin or VEGF-C156S was measured as
0.88, 1.08, 1.23 and 0.75 mg/mL, respectively. This is close
to the original concentration of proteins (1 mg/mL) used in
the synthesis reaction, indicating that the conjugate purifi-
cation process by the desalting spin column did not result in
significant loss of the proteins.

Confirmation of the IRDye-680-Labeled Proteins
by SDS-PAGE

Following purification, the IRDye680 conjugated proteins
were analyzed by SDS-PAGE to confirm the conjugation of
dye and proteins. Prior to staining with SimplyBlue®, con-
taining Coomassie Blue, the gel was illuminated using the
Maestro customized filter set with the excitation wavelength
of 575–605 nm and the emission wavelength of 645 nm long
pass to detect any fluorescence arising from IRDye 680
conjugated protein bands. As shown in Fig. 2a, two clear

single bands of bevacizumab-IRDye 680 conjugate were
detected by both SimplyBlue® staining (Fig. 2a, right panel)
and fluorescence imaging (Fig. 2a, left panel), while the two
bands of bevacizumab standard were only visible by Sim-
plyBlue® staining (Fig. 2a, right panel). Antibodies under
reduced SDS-PAGE conditions produce heavy chains and
light chains since the disulphide bonds are cleaved following
treatment with reducing reagents (12). Therefore, the two
bands shown in each column on the right panel of Fig. 2a
correspond to the heavy chains (∼50 kDa) and light chains
(∼25 kDa) of bevacizumab. The SDS-PAGE results indicat-
ed that bevacizumab was successfully conjugated with
IRDye 680 without any degradation. Similarly, SDS-
PAGE results of BSA, ovalbumin and VEGF-C156S also
confirmed the successful conjugation of these proteins with
IRDye 680 (Fig. 2b–d). The two bands shown in each
column on the right panel of Fig. 2c correspond to the two
N-linked glycan structural isomers of ovalbumin (13).

Real-Time Non-Invasive Dynamic Imaging

In this study, doses of the four protein conjugates, containing
equimolar doses of the IRDye 680 were injected SC into the
front footpad of SKH-1 mice. Spectra from the autofluores-
cence from the skin of SKH-1 mouse (coded red) and protein-
IRDye 680 associated fluorescence signals (coded blue) were
unmixed using theMaestro software, as shown in Fig. 3a–d. As
shown in Fig. 4, images a–j correspond to representative
fluorescence images after SC injection of bevacizumab-
IRDye 680 conjugate into the right front footpad of a SKH-
1 mouse, where the fluorescence signal in the mouse is shown
in white. The images B–J were used for the quantification of
the fluorescence signal at the ROI of the axillary lymph nodes
and image A and other similar images (not shown) taken at
predetermined time points were used for the quantification of
the fluorescence signal at the ROI of the injection site. As seen
from Fig. 4b, the fluorescent signal was detected from the
axillary lymph nodes 5 min after the injection of
bevacizumab-IRDye 680, suggesting the rapid uptake of bev-
acizumab by the draining lymph nodes. The fluorescence
intensity gradually increased, reaching the maximum at about
3 h post injection (Fig. 4g). The fluorescence intensity then
gradually decreased, indicating the clearance of the
bevacizumab-IRDye 680 from the axillary lymph nodes. Sim-
ilar data were collected for BSA-IRDye 680, ovalbumin-
IRDye 680 and VEGF-C156S-IRDye 680 conjugates (image
data not shown).

Ex Vivo Optical Imaging of Dissected Lymph Nodes
and Thymus

To confirm the uptake of IRDye 680-protein conjugates by
the draining lymph nodes, lymph nodes and thymus were
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harvested 1 h post-SC injection for the 4 IRDye 680 labeled
proteins. For all of the 4 protein IRDye 680 conjugates, the
fluorescent signal could be detected in the axillary lymph
nodes on the injection side, but not in those present on the

non-injection side. No fluorescence signal was detected from
the cervical or inguinal lymph nodes on either the injection
side or non-injection side. The results confirm that the
proteins were only present in the axillary lymph nodes

Fig. 2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of dye-conjugated and control proteins, (a) bevacizumab, (b) BSA, (c)
ovalbumin, (d) VEGF-C156S, with detection by both Coomassie Blue staining (right panel) and fluorescence imaging (left panel).

Lymphatic Uptake of Proteins in Mice 1847



post-SC injection for all 4 protein IRDye 680 conjugates. Ex
vivo optical imaging of dissected lymph nodes and thymus also
indicated that redistribution of these proteins from blood into
lymph nodes does not occur to a significant degree.

Stability of Fluorescent Signal and Conjugate
in Lymph Node and Injection Site Homogenates

The SDS-PAGE analysis of BSA-IRDye 680 conjugate in
lymph node homogenate and injection site homogenate

after incubation for 0, 24 and 72 h at 37°C (Fig. 5a and b)
showed that BSA remained as a single band for as long as
72 h. The total fluorescence was still associated with BSA
and there were minimal degradation products of lower
molecular weights shown on the gel. Image J software (Na-
tional Institute of Health, Bethesda, Maryland, USA) was
used to quantitatively measure the fluorescence signal from
the BSA band. When the fluorescence signal of BSA band
for the 0 h sample was set as 100%, the average fluorescence
signals associated with BSA band for 24 hour-sample of the

Fig. 3 Spectra of
autofluorescence (red) and
protein-IRDye 680 conjugate
(blue) from a SKH-1 mouse after
SC injection of bevacizumab-
IRDye 680 conjugate (a), BSA-
IRDye 680 conjugate (b),
ovalbumin-IRDye 680 conjugate
(c) or VEGF-C156S-IRDye 680
conjugate (d) in the front footpad
of SKH-1 mouse. The mice are
placed in a dorsal position in this
figure.

Fig. 4 Representative images of SKH-1 hairless mice after SC injection of 0.1 mg/kg of bevacizumab-IRDye 680 (D/P02:1) in the front footpad. The ROI
of the axillary lymph node is indicated by a circle and the ROI of the SC injection site is indicated by a square. White arrows indicate axillary lymph nodes.
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injection site tissue homogenate and the lymph node ho-
mogenate are 114±1.77% and 119±1.68% (n03), respec-
tively. This indicated that the decrease in fluorescence over
time observed for BSA-IRDye 680 in the axillary lymph
nodes and injection site is not due to quenching of the
fluorescence label or loss of free label from the BSA-
IRDye 680 conjugate. Thus, SDS-PAGE results suggest that
the fluorescence detected in the lymph nodes and injection
site within 24 h during the non-invasive imaging study
would represent intact BSA. These results with BSA were
confirmed in studies using size exclusion HPLC, where
neither free dye nor fluorescent-labeled breakdown products
of BSA were detected (data not presented). Similar results
regarding stability in lymph node homogenates have been
obtained using bevacizumab-IRDye 680 and ovalbumin-
IRDye 680 (Fig 5c and e). For the injection site tissue
homogenate studies, bevacizumab-IRDye 680 and

ovalbumin-IRDye 680 showed predominantly protein
bands on the gel for as long as 72 h (Fig 5d and f). The
fluorescence signals associated with heavy chain band of
bevacizumab-680 after a 24 hour-incubation in the injection
site tissue homogenate and in the lymph node homogenate
were 100.2±2.02% and 83.4±1.38% (n03) of that of orig-
inal control sample (time 0), respectively. The fluorescence
signals associated with two isoforms of ovalbumin-680 after
a 24 hour-incubation in the injection site tissue homogenate
and in the lymph node homogenate were 113.2±2.09% and
104.3±2.90% (n03), respectively. Our results indicate that
there is limited signal quenching or loss of free dye after
incubation for 24 h in injection site tissue homogenate or
lymph node homogenate when compared with the original
control sample. Thus the fluorescence signals obtained at
the injection site and in axillary lymph nodes after SC
administration of bevacizumab, BSA, ovalbumin conjugate

Fig. 5 Characterization of stability of protein-IRDye 680 conjugates. (a, b for BSA; c, d for Bevacizumab; e, f for ovalbumin) a, c, e Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) of (1) 2 μg of protein in PBS, (2) 2 μg of protein-IRDye 680, (3,4,5) 2 μg of protein-IRDye 680 conjugate
standard and protein-IRDye 680 conjugate after incubation in lymph node homogenate at 37°C for 0, 24 and 72 h. (6) blank lymph node homogenate, (7)
free IRDye 680, (8) MW marker. b, d, f. SDS-PAGE of (1) 2 μg of protein in PBS, (2) 2 μg of protein-IRDye 680, (3,4,5) 2 μg of protein-IRDye 680
conjugate standard and protein-IRDye 680 conjugate after incubation in injection site homogenate at 37°C for 0, 24 and 72 h. (6) blank injection site tissue
homogenate, (7) free IRDye 680, (8) MW marker. Protein-IRDye680 conjugate was detected by both Coomassie Blue staining (right panel) and
fluorescence imaging (left panel).

Lymphatic Uptake of Proteins in Mice 1849



during the non-invasive imaging suggest that the proteins
remain intact and associated with the fluorescent label. Sim-
ilar studies were not performed for VEGF-C156S due to the
cost and availability of the protein, but previous work using
125I VEGF-C156S demonstrated good stability of the radio-
labeled protein when incubated in buffer at 37°C for 72 h,
and complete bioavailability after SC injection (14). In vivo
experiments may need to be performed to further confirm the
above stability result because tissue homogenates may not
metabolize proteins as efficiently as whole organs in vivo.

Loss from the SC Site and Uptake by Lymph Nodes:
Relationships with MW

After SC injection of the four protein-IRDye 680 conju-
gates, the percentage of injected dose remaining at the
injection site (FSC%) was determined and plotted as a func-
tion of time (Fig. 6a). A linear relationship between the rate
of the loss of proteins from the injection site and the MW of
proteins was observed. The loss of the IRDye 680 labeled
bevacizumab with the highest MW (149 kDa) from the
injection site was the slowest, followed by BSA (66 kDa)
and ovalbumin (44.3 kDa). The IRDye 680 labeled
VEGF-C156S with the smallest MW of 23 kDa was cleared
from the injection site the fastest. Nonlinear regression was
performed for the mean FSC% value versus time plot using
GraphPad Prism software. The t1/2, representing time for
50% loss of protein from the injection site was 6.81 h for
bevacizumab-IRDye 680, 2.85 h for BSA-IRDye 680,
1.57 h ovalbumin-IRDye 680- and 0.31 h for VEGF-C
156S-IRDye 680. There was a linear relationship between
half-life and molecular weight (R200.997) (Fig. 6b).

Based on the quantification of the total fluorescence
signal at the axillary lymph nodes and the maximum fluo-
rescence signal at the injection site, the fraction of the
injected dose recovered in the axillary lymph nodes
(FLN%) was calculated (Fig. 7). The longest time to reach
maximum amounts of protein conjugates in the axillary
lymph nodes (tmax) occurred with bevacizumab-IRDye 680
(Table I). The AUC values from time zero to infinity for the
axillary lymph nodes were calculated as 6.27±3.08, 5.13±
1.81, 4.06±2.06 and 1.54±1.09% dose ∙ h for IRDye680
labeled bevacizumab (149 kDa), BSA (66 kDa), ovalbumin
(44.3 kDa) and VEGF-C156S (23 kDa), respectively. The
AUC, representing the total lymphatic exposure at the site
of axillary lymph nodes of the proteins after SC administra-
tion, was found to be proportionally related to their MW
within this MW range.

DISCUSSION

Subcutaneous administration represents an important route
of delivery for protein-based drugs because of the relative
ease of administration and improved patient compliance
and quality of life. Normally, small molecules (<2,000 Da)
are predominantly cleared by uptake from a subcutaneous
injection site into the blood capillaries, whereas particulates
and molecules of increasing molecular size have restricted
uptake into blood capillaries, instead being absorbed into
the lymph capillaries (15). However, very little is known
about the factors that govern the absorption of proteins
after SC administration and the resulting impact of these
processes on the bioavailability and pharmacokinetic

Fig. 6 (a) Percentage of dose of proteins remaining at the SC injection site, FSC (%), after SC injection of 0.1 mg/kg of bevacizumab-IRDye 680 conjugate,
0.1 mg/kg of BSA-IRDye 680 conjugate, 0.08 mg/kg of ovalbumin-IRDye 680 conjugate or 0.01 mg/kg of VEGF-C156S-IRDye 680 conjugate (with the
doses of the dye all equivalent to 1.5 nmol IRDye 680/kg) in the front footpad of SKH-1 hairless mice (n03). (b) Relationship between MW and half life
representing 50% loss from the SC injection site for the four IRDye 680-protein conjugates. Linear regression analysis resulted in a correlation coefficient
(r2) of 0.997 (p<0.01).
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profiles of proteins, especially in a murine model. This could
be due to the difficulties and complexity of lymph sam-
pling from small animals, which have been described by
Kagan et al. (5).

In this study, we developed a novel non-invasive fluores-
cence imaging method which could provide a convenient
method to quantitatively compare the draining lymph node
uptake of proteins with different MW or other physicochem-
ical or formulation properties. The main advantages of
optical imaging lie in its high resolution and its ability to
image at a molecular level (16). Optical imaging has been
used in image guided drug/protein delivery (17–20), lymph
node imaging (21–23) and tumor targeting in animal models
(7,8,24–26). It has also been used in pharmacokinetic/phar-
macodynamic studies (27,28), for determining disease pro-
gression (29) and investigating drug biodistribution and
therapeutic effects from the molecular to organ levels (27,
30,31). The main disadvantage of optical imaging is the
poor depth sensitivity of the technique, and penetration
beyond 1–2 cm is currently unrealistic (32). However, using
near infrared fluorochromes, whose emission wavelength
falls in the “window of transparency” between 700 and
900 nm, will maximize tissue penetration and minimize

auto-fluorescence (10,11,33–35). Therefore, we have used
four proteins conjugated with a near-infrared dye IRDye
680 with emission at 707 nm to evaluate the lymph node
uptake of fluorescent labeled proteins in a SKH-1 hairless
mouse model using non-invasive fluorescence imaging of
lymph nodes that drain the SC site of injection. For lymph
nodes present in the periphery, such as the brachial and
axillary lymph nodes draining the forearm, it has been
reported that all afferent lymph vessels will release lymph
into the draining lymph nodes and efferent lymph vessels
will carry lymph away (36,37). However, if all lymph does
not drain through the axillary lymph nodes, then our pro-
tein determination will represent an underestimation of the
amount of protein absorbed through the lymphatic system.

Our results are consistent with the findings of previous
studies in sheep showing that an inverse relationship be-
tween the rate of disappearance of radiolabeled insulin
analogues from the SC injection site and the average effec-
tive size of insulin and its analogues (38,39). Further in vivo
studies from our group have found that the bioavailability of
VEGF-C156S (14), BSA, and bevacizumab (Wu F and
Morris ME, unpublished data) after SC administration in
mice is excellent. The bioavailability is complete for VEGF-
C156S and bevacizumab, and 88% for BSA after SC ad-
ministration in a mouse model, indicating that there is little
loss due to degradation of these proteins at the SC site.
Therefore, with the assumption that the disappearance rate
from the injection site equals the combined rate of absorp-
tion into the blood and lymphatics, we can infer that MW of
proteins is inversely related to the rate of their absorption.
We also demonstrated that MW is proportionally related to
the lymph node exposure to proteins within a given MW
range (23–149 kDa). This is consistent with the results
obtained from the sheep model that demonstrated a linear
relationship between the MW of proteins and the propor-
tion of the dose absorbed by the lymphatic system (3), as well
as in rats (5).

In examining the relationship between lymphatic absorp-
tion and bioavailability, Charman et al. (40) indicated from
studies in a sheep model that lymphatic absorption contrib-
uted significantly to the overall insulin bioavailability follow-
ing SC administration. In a swine model, Harvey et al. (41)

Fig.7 Axillary lymph nodes exposure, FLN (%), after SC injection of
0.1 mg/kg of bevacizumab-IRDye 680 conjugate, 0.1 mg/kg of BSA-
IRDye 680 conjugate, 0.08 mg/kg of ovalbumin-IRDye 680 conjugate or
0.01 mg/kg of VEGF-C156S-IRDye 680 conjugate (with the doses of the
dye all equivalent to 1.5 nmol IRDye 680/kg) in the front footpad of SKH-1
hairless mice (n03).

Table I PK Parameters for Axillary Lymph Node Exposure (FLN%) of Four Protein IRDye 680 Conjugates

Parameter Bevacizumab-IRDye
680 (149 kDa)

BSA-IRDye 680
(66 kDa)

Ovalbumin-IRDye 680
(44.3 kDa)

VEGF-C156S-IRDye
680 (23 kDa)

tmax (h) 2.67±1.53 1.17±0.76 0.42±0.14 0.83±0.29

Fmax (% dose) 1.40±0.67 1.07±0.39 1.82±0.84 0.18±0.06

AUC 0-∞ (% dose*h) 6.27±3.08 5.13±1.81 4.06±2.06 1.54±1.09

The maximum FLN% (Fmax) and time to reach the maximum (tmax) were calculated directly from experimental data (n03). Noncompartmental analysis was
performed using WinNonlin to calculate AUC 0-∞ based on the value of FLN% versus time plots
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also demonstrated that lymphatic absorption may be a
significant contributor of systemic uptake from microneedle
intradermal (ID) delivery of protein. In our mouse model,
using non-invasive fluorescence imaging, the axillary lymph
nodes’ exposure is low, but is proportionally related to the
MW of proteins after their SC administration.

Understanding of the relationship between the MW of
proteins and the absorption rate and extent of draining lymph
node uptake is of critical importance in terms of optimizing
targeting properties and increasing bioavailability. The lym-
phatics also represent a target for immunomodulatory agents,
vaccines, and anti-metastatic chemotherapeutic compounds,
and optimization of lymphatic transport may prove beneficial
for such therapeutic agents. The non-invasive imaging meth-
od we developed provides a useful screening tool for optimi-
zation of lymphatic targeting.

CONCLUSIONS

Our results show that the MW is inversely related to the rate
of the loss of proteins from a SC injection site and propor-
tionally related to the draining lymph node uptake in a
mouse model. This investigation provides the first demon-
stration of this relationship in mice. In vivo fluorescence
imaging provides a methodology useful for the optimization
of protein targeting to the lymphatic circulation and for the
study of the influence of the lymphatic system on drug
bioavailability.
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