This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

Bioconjugate

=

ACSEDITORS'
CHOICE

BC

Chemistry

@& Cite This: Bioconjugate Chem. 2020, 31, 241-247

pubs.acs.org/bc

Tailoring Kidney Transport of Organic Dyes with Low-Molecular-

Weight PEGylation

Bujie Du,” Xingya Jiang,” Yingyu Huang," Siging Li," Jason C Lin,” Mengxiao Yu,” and Jie Zheng*"

"Department of Chemistry and Biochemistry, The University of Texas at Dallas, Richardson, Texas 75080, United States

O Supporting Information

ABSTRACT: Subtle changes in size can induce distinct responses of the body to
hard nanomaterials; however, it is largely unknown whether just a few ethylene oxide
unit differences in soft poly(ethylene glycol) (PEG) molecules could significantly
alter the renal clearance of small molecules. By systematically investigating in vivo
transport of the representative renal clearable organic dyes, IRDye800CW after being
conjugated with a series of PEG molecules with molecular weight (MW) below 10
kDa, we found a MW-dependent scaling law: PEG45S (MW = 2100 Da) is an
optimized MW to generate the most efficient renal clearance for IRDye800CW by
expediting the glomerular filtration of organic dyes and reducing their nonspecific
interactions with background tissue. Moreover, the uniqueness of PEG4S can be
generalized to other organic dyes such as ZW800-1 and fluorescein. This finding
highlights the importance of low-MW PEGylation in tailoring in vivo transport of
organic fluorophores, which would broaden their biomedical applications.

Number of ethylene oxide unit in PEG

0 2245 77 110 220
904
o Cs;ogua
754 > \ SOzNa
NaO3S <4 ~S0s
eV PV e 0l
604 N %
9 ¢ !
45 Q. SO;Na od

\0 Hxxro};/\(or-q
¢}

1 / \
45| O free 800CW

o 2 4 6 8 10
Molecular weight (kDa)

Amount in urine at 2 h (% ID)

®;

12 14

B INTRODUCTION

Unravelling distinct responses of the body to subtle differences
among ultrasmall hard or soft engineered materials is not only
fundamentally important to understanding physiology at the
nanoscale, but also critical to precise control of their
functionalities and toxicities."”” In the past decades, significant
efforts have been dedicated to studying the response of the
body to hard engineered nanoparticles and discovering many
size dependencies in both clearance and disease targeting. For
instance, Chan’ et al. found that tumor targeting efficiencies of
engineered gold nanoparticles are strongly size dependent and
observed an optimal size window of 60 nm for efficient tumor
targeting. Choi" et al. observed a size threshold of ~5.5 nm for
glomerular filtration of quantum dots. In 2017, our group
observed an inverse size-dependent glomerular filtration of
gold nanoclusters in a sub-nanometer regime, where only a 7-
gold atom difference in cluster size can induce significant
changes in their glomerular filtration.” Against the prevailing
understanding that smaller particles are filtered faster than
large ones, we found that the glomerular filtration exponen-
tially decreased with the reduction of number of gold atoms
once the cluster size was below 1 nm. These studies clearly
indicate that our body is highly sensitive to seemingly trivial
differences among hard engineered nanoparticles, particularly
in a small size range. Since soft materials also play a key role in
disease diagnosis and treatment,””'* a fundamental question
naturally emerges regarding whether the body also exhibits
distinct responses to ultrasmall soft materials with subtle
differences in molecular weight.

PEGylation is the most widely used bioconjugation
chemistry in the medical industry,"'~"® because the bio-
compatibility, amphiphilicity, and tunable size of polyethylene
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glycol (PEG) molecules could render parent molecules unique
in vivo transport and interactions.'* PEG molecules are known
to exhibit size-dependent glomerular filtration:'¥"> PEG
molecules with MW between 1500 and 4000 Da are known
to rapidly clear through the glomerular filtration membranes,'®
whereas larger PEG molecules with MW in the range of 6000—
40000 Da have stronger interaction with the glomerular
filtration membrane, resulting in their slower renal clearance
eﬂiciency.m’17 For example, PEG10 kDa, PEG20 kDa, and
PEGA40 kDa are cleared into urine at 24 h post-injection with
the reducing renal clearance efficiencies of 44.1% ID, 42.4%
ID, and 14.7% ID, respectively.'® Because of these, PEGylation
has been a simple and widely used chemistry to tailor the
blood retention and clearance kinetics of small molecules."®~*
For example, the conjugation of a single PEG with MW larger
than 20 kDa to indocyanine green (ICG) remarkably increased
its blood retention.'® However, PEGylation with MW below
10 kDa failed to significantly enhance the blood retention of
organic molecules due to its fast glomerular filtration. For
instance, the conjugation of one PEG of 2000 Da only
increased the blood retention of zidovudine by 15%."” Until
now, it has been generally accepted that bulky sizes of PEG
molecules with high molecular weights (MW > 10 000 Da)
effectively prevent rapid renal clearance of small molecules by
significantly increasing size, while low-MW PEGylation makes
trivial contributions in tailoring the renal clearance of small
molecules in comparison with high MW PEGylation counter-
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parts.ls’lg’n_23 However, systematic investigation on the size
effect of sub-10 kDa PEGylation on renal clearance of small
molecules is still lacking. Moreover, the observation of highly
sensitive body responses to ultrasmall hard engineered
nanoparticles inspires us to revisit the impacts of low-
molecular-weight PEGylation on the renal clearance of small
molecules: (1) Can the body differentiate molecules
conjugated with different-sized PEG with MW below 10 000
Da? (2) How can the low-MW PEGylation affect the renal
clearance of small molecules?

To answer these questions and broaden the potential
biomedical applications of low-MW PEGylated small mole-
cules, we chose a representative near-infrared (NIR)-emitting
organic dye, IDye800CW (abbreviated as 800CW), as the
parent molecule, because it resists serum protein binding and is
eliminated through the glomeruli into the urine, the same
clearance route taken by PEG molecules. In addition, ZW800-
1, the NIR organic dye reported by Choi’s group,”* was also
selected to be parent molecule, since it displays fewer
nonspecific interactions with background tissue and higher
clearance than IRDye800CW>* because of its zwitterionic
property. One representative visible renal clearable dye,
fluorescein, was also included due to its broad biomedical
applications. By quantifying the renal clearance of after being
conjugated with low-MW PEG molecules, we found that these
PEGylated organic dyes follow a general MW-dependent
scaling law in which PEG4S (MW = 2100 Da) is an optimized
MW to generate the most efficient renal clearance for organic
dyes. The PEG4S not only significantly accelerated the
glomerular filtration of 800CW but also reduced its nonspecific
interactions with background tissue, resulting in noninvasive
observation of the kidneys by 800CW-PEG4S. The uniqueness
of PEG4S in tailoring the kidney transport of 800CW can also
be generalized into ZW800-1 and fluorescein. This finding
highlights the precise responses of the body to soft
nanomaterials and the importance of low-MW PEGylation in
tailoring the transport of organic dyes, which will broaden the
biomedical applications of organic dyes in detection of renal
disease.

B RESULTS AND DISCUSSION

We first investigated the sub-10 kDa PEGylation effect on the
clearance percentage of renal clearable IRDye800CW in the
urine. The synthesis of IRDye800CW-PEGn (abbreviated as
800CW-PEGn; n represents the number of repeat ethylene
oxide units in PEG), including 800CW-PEG22, 800CW-
PEG4S, 800CW-PEG77, 800CW-PEG110, and 800CW-
PEG220, was readily achieved through the reaction between
the N-hydroxysuccinimide (NHS) ester of preactivated
IRDye800CW and the amine group of PEG molecules (Figure
S1). The successful conjugation of different MW PEG
molecules to IRDye800CW was confirmed by their different
mobility in agarose gel (Figure S2). The obtained 800CW-
PEGn inherit absorption and emission spectra of free
IRDye800CW (Figure S3), which allows us to quantitatively
in situ monitor their clearance in vivo. Due to the
hydrophilicity of IRDye800CW and the amphiphilicity of
PEG molecules, the hydrophobic character (partition coef-
ficient, logD) at pH 7.4 of 800CW-PEGn are comparable
(Figure 1a), and they all resist serum proteins (Figure S4).
Also, the net charge of 800CW-PEG#n was kept same before
and after PEGylation (Figure 1a; the chemical structure of free
IRDye800CW is in Figure S1), which allow us to correlate
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Figure 1. Sub-10 kDa PEGylation effect on renal clearance of
IRDye800CW. a. Chemical structure, molecular weight (MW), net
charge, hydrophobic character (partition coefficient, logD at pH 7.4,
experimentally measured), as well as hydrodynamic diameter (HD,
calculated based on empirical equation of folded molecules, which is
described in Experimental Procedure) of free IRDye800CW
(800CW) and PEGylated 800CW. b. Renal clearance efficiencies of
800CW, 800CW-PEG22, 800CW-PEG45, 800CW-PEG77, 800CW-
PEG110, and 800CW-PEG220 at 2 h post-intravenous injection (n =
3, mean =+ s.d.) versus molecular weight. PEG4S is an optimized size
for renal clearance of 800CW-PEGn.

their renal clearance efficiencies with their molecular weight.
By systematically quantifying the amount of 800CW and
800CW-PEGn in the urine 2 h post-intravenous injection
(p-i.), we found that only an ~1 kDa difference in the MW of
PEG molecules can result in distinct renal clearance efliciency:
19.2% ID (percentage of injection dose), 54.1% ID, 83.7% ID,
48.7% ID, 37.7% 1D, and 14.1% ID of 800CW, 800CW-
PEG22, 800CW-PEG4S, 800CW-PEG77, 800CW-PEGI10,
and 800CW-PEG220 were cleared into urine at 2 h p.i,
respectively. Consistent with conventional understanding,
PEGylation with MW above 10 kDa rendered slow kidney
transport of parent small molecules due to the size-dependent
renal clearance of bulky PEG molecules. Counterintuitively to
the prevailing understanding that larger PEGylation more
easily reduces the glomerular filtration of parent small
molecules than smaller ones, we found a unique MW-
dependent scaling law of PEGylation with MW below 10
kDa: once a PEG ligand is smaller than PEG4S, smaller
conjugates are eliminated more slowly; however, once the PEG
ligand is larger than PEG4S, larger ones are cleared more
slowly into the urine (Figure 1b), clearly showing that the
PEG4S is an optimum one for efficient renal clearance of
800CW.

To further understand the in vivo behaviors of 800CW-
PEGn, we conducted the blood pharmacokinetics of free
800CW, 800CW-PEG22, 800CW-PEG4S, and 800CW-
PEG220 (Figure 2a). Although these four small molecules
displayed two-compartment pharmacokinetics, the 800CW-
PEG4S exhibited the shortest blood retention, followed by
800CW-PEG22, 800CW, and 800CW-PEG220. From these
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Figure 2. Sub-10 kDa PEGylation effect on pharmacokinetics of
IRDye800CW. a. Blood pharmacokinetics of free 800CW, 800CW-
PEG22, 800CW-PEG4S, and 800CW-PEG220. (n = 3, mean =+ s.d.).
b. Diagram of two-compartment model of pharmacokinetics. c.
Elimination rate constant (k,) of free 800CW, 800CW-PEG22,
800CW-PEG4S, and 800CW-PEG220 versus molecular weight
(MW). d. Redistribution rate constant of free 800CW, 800CW-
PEG22, 800CW-PEG4S, and 800CW-PEG220 versus MW. *P < 0.05,
**P < 0.005, Student’s ¢ test.

two-compartment pharmacokinetics, we are able to derive
three important factors, kg (elimination rate constant, a
parameter that reflects the extent of the body in eliminating
exogenous substances), ki, (distribution rate constant from
central compartment to peripheral compartment), and k,,
(redistribution rate constant from peripheral compartment to
central compartment) (Figure 2b). As shown in Figure 2c,
800CW-PEGH4S5 exhibited the largest k., which is ~2 times,
~1.3 times, and ~4 times higher than the k, values of 800CW,
800CW-PEG22, and 800CW-PEG4S, respectively, clearly
showing the uniqueness of PEG4S in acceleration of 800CW
transport in the kidneys, consistent with the results of renal
clearance efficiency. The conjugation of PEG molecules with
MW below 10 kDa remained the k;, values of 800CW from
blood to background tissue (Figure SS) but significantly
improved the k,; of 800CW (Figure 2d), indicating that
linking of PEG22 and PEG4S to 800CW significantly facilitates
the intravasation but has little effect on the extravasation of
800CW. By analyzing these results, we concluded that PEG22
and PEG4S equally (2—3 times) reduced the nonspecific
interaction of 800CW while PEG45 more obviously promoted
the clearance of 800CW than PEG22. Compared with PEG22

and PEG4S, 800CW-PEG220 is more difficultly cleared
through the kidneys due to its larger size. Thus, the observed
highest renal clearance efficiency of 800CW-PEG4S5 is mainly
attributed to its fastest transport in the kidneys among these
800CW-PEGn. In addition, 800CW-PEGA4S also acts as the
turning point in the pharmacokinetics parameters, CL
(clearance), T/, (elimination half-life), volume distribution
(Vd), and AUC (area under the curve) (Table 1 and Figure
S6), implying that the trivial change in molecular size of
PEGylated 800CW leads to a broad impact on the in vivo
transport.

The fast kidney transport and reduced nonspecific
interactions enable 800CW-PEG45 to noninvasively light up
the kidneys with high contrast index. As shown in Figure 3a, by
noninvasively and fluorescently imaging the kidneys of mice
injected with free 800CW or 800CW-PEG4S at different time
points post-injection (Figure 3a), we observed distinct time-
dependent fluorescence intensity curves between them (Figure
3b). The signals of 800CW from the kidneys are quickly
overshadowed by the signal from the background tissue,
resulting in indiscernability of the kidneys. In contrast, the
signal of 800CW-PEG4S5 from the kidneys is much higher than
that of background tissue, resulting in the kidney contrast
index at 5 min p.i. being ~3.4 times higher than that of 800CW
(Figure 3b). Additionally, the fluorescent signal of 800CW-
PEG4S in the kidneys displays a rapid decrease after reaching
its maximum within 30 min. Such rapid kidney transport of
800CW-PEGH4S results in strong fluorescent signal of 800CW-
PEG4S in the bladder at 30 min (Figure 3c) and its minor
accumulation in other organs, such as the liver, spleen, and
heart, which implies a small interaction of 800CW-PEG45 in
the body. Furthermore, we found that the fast kidney clearance
of 800CW-PEGH4S is attributed to its fast glomerular filtration
by harvesting the kidneys from the mice injected with 800CW-
PEG4S at S min and 1 h p.. for H&E staining to locate its
distribution in the kidneys at the tissue level. The fluorescent
signals of 800CW-PEG4S in the glomerulus and proximal
tubular lumen were clearly detected at S min p.i. (Figure 3d),
indicating that 800CW-PEG45 was filtered through the
glomerulus into the tubular lumen. The rapid renal clearance
of 800CW-PEG4S resulted in a very weak signal from the
kidneys at 1 h p.i. (Figure S7).

Not limited to IRDye800CW, PEG45 also facilitated the
renal clearance of other organic dyes. ZW800-1 (Figure 4a),
the NIR organic dye reported by Choi’s group,”* displays fewer
nonspecific interactions with background tissue and higher
clearance than IRDye800CW>* (Figure S8) due to its
zwitterionic property. While ZW800-1 is cleared very fast
through the kidneys, the conjugation of PEG4S further
facilitated its kidney transport in the kidneys which was
proved by the comparison of k,, (Figure 4b) derived from their

Table 1. Pharmacokinetics Parameters of S00CW-PEGn

800CW 800CW-PEG22 800CW-PEG4S 800CW-PEG220
ky (min™!) 0.123 + 0.044 0.192 + 0.025 0.251 + 0.039 0.061 + 0.016
CL (mL/min) 0.54 + 0.10 1.12 + 0.09 4.05 = 093 0.23 + 0.06
T1/2 (min) 4.03 + 1.35 2.26 + 0.25 1.50 + 0.08 10.30 + 2.41
Vd (mL) 3.04 + 042 3.64 + 0.47 8.84 + 241 3.24 + 0.68
AUC (min %ID/g) 188.63 + 37.69 89.20 + 6.39 25.53 + 5.57 468.57 + 14091
k;, (min) 0.190 + 0.089 0.145 + 0.040 0.155 + 0.084 0.028 + 0.020
ky; (min™) 0.057 + 0.023 0.112 + 0.029 0.169 + 0.041 0.031 + 0.022
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Figure 3. Real-time imaging of transport of 800CW-PEG4S5 in the kidneys as well as its localization in the kidney at tissue level. a. Real-time
noninvasive kidney imaging before and after intravenous injection of 800CW-PEG4S (Ex/Em filters: 720/790 nm). The mouse was placed in
supine position on the imaging stage. b. Time—fluorescence intensity curves of two kidneys and background skin within 30 min post-injection of
800CW and 800CW-PEG4S as well as the kidney contrast index at S min post-injection. *P < 0.05, **P < 0.00S, Student’s f test. c. Signal of
800CW-PEGH4S in bladder at 30 min (the mouse was placed in prone position) and ex vivo images of harvested kidneys (Kid), liver, spleen (Spl),
heart, and muscle at 30 min post-injection. d. Fluorescence images of glomerulus and tubules at tissue level at 5 min post-injection of 800CW-
PEGA4S. G, glomerulus; PT, proximal tubule. Kidney tissue was stained by Hematoxylin and Eosin (H&E) stain. Fluorescence images were taken at

720/790 nm. Scalar bar is 20 gm.
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Figure 4. Generalization of PEG4S to other organic dyes in tuning
renal clearance. a. Chemical structures, molecular weight (MW), and
net charge of ZW800-1 and ZW800-1-PEG4S. b. Comparison
between k, of ZW800-1 and ZWB800-1-PEG45. c. Chemical
structures, MW, and net charge of FI-PEG22 and FI-PEG4S5. d.
Comparison between k, of FI-PEG22 and FI-PEG4S. *P < 0.05, **P
< 0.005, Student’s ¢ test.
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pharmacokinetics (Figure S9). Although free ZWB800-1 is
cleared faster than free IRDye800CW through the kidneys, the
conjugation of PEG45 to them result in comparable
elimination rate constant (Figure S12). In addition to NIR
dyes, we also chose one visible dye, fluorescein. The net charge
of fluorescein is —1, while PEGylation altered its charge from
—1 to —2 (Figure 4c); thus, we compared same-charged
fluorescein-PEG22 (fl-PEG22) and fluorescein-PEG4S (fl-
PEG45) instead of free fluorescein with fl-PEG4S5. As shown
in Figure 4d, the PEG4S conjugation more easily assistes
fluorescein to be cleared into urine than PEG22 conjugation
(pharmacokinetics curves in Figure S10). Moreover, the
elimination rate constant of fl-PEG4S is comparable with
that of ZW800-1-PEG4S (Figure S12), indicating that the
conjugation of PEG4S to renal clearable dyes resulted in
comparable renal clearance. The magnitude change of orgainc
dyes in renal clearance efficiency before and after conjugation
with PEG4S is dependent of the intrinsic properties of organic
dyes; however, after low-MW PEGylation, their renal clearance
became comparable, indicating the important role of low-MW
PEG molecules played in tuning the renal clearance of organic
dyes. Besides, these results also clearly demonstrate the
sensitivity of the kidneys in elimination of renal-clearable
organic dyes after being conjugated with PEG molecules with
MW below 10 kDa as well as an optimum PEG molecule for
highly efficient renal clearance.

DOI: 10.1021/acs.bioconjchem.9b00707
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B CONCLUSION

In summary, by systematically investigating in vivo transport of
IRDye800CW conjugated with a series of low-MW PEG
molecules (<10000 Da), we found that just a ~20-unit
difference in length of PEG molecules can induce significant
changes to parent dyes in their clearance kinetics and
efficiency, clearly indicating the sensitive and precise responses
of the body to seemingly trivial differences among ultrasmall
soft materials. The observation of the MW-dependent scaling
law in renal clearance of PEGylated dyes showed that there is
an optimized MW of PEG (PEG45) for small molecules to
achieve most eflicient renal clearance eficiency, which further
emphasized the necessities of precise control of PEGylation
length in tuning clearance. Since 800CW-PEG4S is highly
biocompatible, easily synthesized, strongly fluorescent, and
cleared rapidly into urine with clear clearance mechanisms, it is
promising in detecting kidney-related diseases by noninvasively
monitoring its transport in the kidneys, as the role of ultrasmall
glutathione-coated gold nanoparticles®”® and organic nano-
particles’” played in renal disease detection. Moreover,
800CW-PEG45 could be used to measure the glomerular
filtration rate since it is freely filtered through glomeruli, like
FITC-inulin®® (the gold standard in quantification of GFR), by
blood testing or by photoacoustic imaging”” due to the
absorption of 800CW-PEG45 at 790 nm. The combination of
all these results highlights the importance of precise control of
small molecule transport in the kidneys with low MW
PEGylation, which could open a new path to significantly
broaden their biomedical applications.

B EXPERIMENTAL PROCEDURE

Materials and Equipment. PEG samples with average
molecular weights of 1100, 2100, 3500, 5000, and 10 100 Da
were purchased from Sigma-Aldrich (USA). IRDye800CW-
NHS and fluorescein-NHS were purchased from LI-COR.
ZW800-1 NHS was purchased from Curadel. Absorption
spectra were measured by a Virian 50 Bio UV-vis
spectrophotometer. Fluorescence spectra were acquired by a
PTI QuantaMaster 30 Fluorescence Spectrophotomer (Bir-
mingham, NJ). In vivo fluorescence images were recorded
using a Carestream In-vivo FX Pro imaging system. Optical
images of cultured cells and tissue slides were obtained with an
Olympus IX-71 inverted fluorescence microscope coupled with
Photon Max 512 CCD camera (Princeton Instruments).
Agarose gel electrophoresis was carried out by a Bio-Rad
Mini-Sub Cell GT system. Animal studies were performed
according to the guidelines of the University of Texas System
Institutional Animal Care and Use Committee. BALB/c mice
(BALB/cAnNC, strain code 047) of 6—8 weeks old, weighing
20—25 g, were purchased from Envigo. All of these mice were
randomly allocated and housed under standard environmental
conditions (23 = 1 °C, 50 + 5% humidity, and a 12/12 h
light/dark cycle) with free access to water and standard
laboratory food.

Synthesis of 800CW-PEG Conjugates. 400 yL, 10 mM
PEG molecules in ultrapure water were added into 400 uL, 400
uM IRDye800CW-NHS in DMSO and the mixture was
vortexed for 3 h. Then, 800CW-PEG conjugates were purified
with 2% agarose gel electrophoresis from free 800CW dye and
PEG molecules based on their different mobility from free
800CW. Meanwhile, the different mobilities in agarose gel
proved the successful synthesis of 800CW-PEG conjugates.
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The ZW800-1-PEG4S and FI-PEG22 and FI-PEG4S were
synthesized by the same method with 800CW-PEGn through
the reaction between of the preactivated ZW800-1-NHS and
fluorescein-NHS with the carboxylic group of PEG molecules.

Serum Protein Binding Test. The protein binding of
800CW and 800CW-PEGn was also tested by quantifying their
fluorescence intensity in water and in 100% FBS. The
fluorescence images were taken by Carestream In-vivo FX
Pro imaging system under 710 nm/790 nm.

Partition Coefficient Measurement. The partition
coefficients (logD) at pH 7.4 of free IRDye800CW and
800CW-PEG conjugates were quantified by measuring their
distribution in 1-octanol and phosphate-buffered saline (PBS)
in the previously reported method.”® Each organic dye was
dissolved in the mixture of PBS and PBS saturated 1-octonal
(v/v = 1:1), followed by shaking for 1 h by a rotatable mixer to
allow organic dyes to reach the distribution equilibrium in
these two different solvents. After that, the 1-octanol and PBS
were separated by centrifuge at 10.00g for 3 min. Finally, the
concentrations of organic dyes in each solvent were quantified
by UV—vis spectroscopy.

Hydrodynamic Diameter Calculation. The hydrody-
namic diameter (HD) of PEGylated organic dyes were
calculated using the reported empirical equation which
illustrated the relationship between molecular weight with
hydrodynamic radius’"** (Supporting Information Figure 11)
for unfolded and folded molecules. We utilized this empirical
equation to calculate the HD of PEGylated 800CW and
presented them in Figure la. This equation only described the
HDs of molecules in PBS or in protein-free environment.

Renal Clearance Efficiencies of 800CW-PEG Conju-
gates. BALB/c mice were intravenously injected with 800CW
(n = 3) and 800CW-PEG conjugates (n = 3 for each
conjugate), respectively, with concentration of 40 yM and
injection volume of 200 uL and then placed in metabolism
cages. Mouse urine from 800CW, 800CW-PEG22, 800CW-
PEG4S, 800CW-PEG77, 800CW-PEG110, and 800CW-
PEG220 were collected at 2 h post injection. Then, the
urine was quantified based on fluorescence and each standard
curve of conjugates were built in control urine. The detailed
quantification method was described in Scheme S1 by taking
800CW as an example.

Noninvasive Fluorescence Imaging of Kidney with
800CW-PEG45. The bald BALB/c mouse was anesthetized
using 3% isoflurane, and a catheter filled with PBS was inserted
into the tail vein. The mouse with tail vein catheter was placed
in a supine position on the imaging stage of Carestream In-vivo
FX Pro imaging system, allowing the back to face the excitation
light and CCD camera. The mouse with a steady breath rate of
10—14 times per 15 s was injected with PBS solution of
800CW-PEG4S (200 uL, 40 uM), and then sequential time-
series imaging (10 s exposure) was carried out with Ex710/
Em790 nm.

Kidney Images with Optical Microcopy. BALB/c mice
were sacrificed at 5 min and 1 h after intravenous
administration of 200 uL, 400 uM of 800CW-PEG4S5. The
kidneys were then collected and fixed immediately in 10%
neutral buffered formalin, followed by standard dehydration
and paraffin embedding. The embedded tissues were then
sectioned into 4 pm slices and H&E stained. The final slides
were visualized under an Olympus IX-71 fluorescence
microscope. The filters used for 800CW-PEG4S were
Ex747/Em780LP and dichroic mirror 776 nm.
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Pharmacokinetics Studies. BALB/c mice (n = 3 for each
molecule) were intravenously injected with 800CW, 800CW-
PEG22, 800CW-PEG4S, and 800CW-PEG220 with concen-
tration of 40 uM, 200 uL, respectively. Then, ~30 uL blood
samples were collected from retro-orbital site at 2, 5, 10, and
30 min, and 1, 3, 5, 8, 10, 24 h post-injection. The blood
samples were weighed and completely lysed in freshly made
lysis buffer and then quantified based on fluorescence. Each
standard curve of molecule was built in control blood.

Pharmacokinetics Parameters Calculation. The phar-
macokinetics of free organic dyes and PEGylated organic dyes
were plotted using OriginLab and fitted by a two-compartment
exponential decay function (ExpDec2) of y = A; exp(—x/t;) +
A, exp(—x/t,) + y,, where x = time (min) and y was organic
dye amount in blood (% ID/g, percentage of injected dose per
gram of blood).

1. Calculation of k;, ky;, and k., From the two-
compartment exponential decay function, we got four values,
Ay Ay a=1/t, f =1/t k), kiy, and k were calculated using
following equations as reported:

aky = (A + Ay - a)/(A + Ay)

b. kg = (a - f)/ky

Ckp=a+f—ky—ky

2. Vd, t,,, and CL were calculated using following
equations. a. Cy = A, + A, + y,

b. Vd = 100/C,

c. t, = 0.693AUC/C,, where AUC was the integration of
the pharmacokinetics

d. CL = 100/AUC

Statistical Analysis. Error bars are reported as mean + s.d.
The differences between groups were compared by analysis of
Student’s ¢ test. P-value <0.05 was considered to be statistically
significant. N.S. means no significant difference with p value
>0.05. Investigators conducting the experiments were not

blinded.
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