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ABSTRACT: Polyethylene glycol (PEG) derivatives were
conjugated onto the Cys-34 residue of human serum albumin
(HSA) to determine their effects on the solubilization,
permeation, and cytotoxic activity of hydrophobic drugs such
as paclitaxel (PTX). PEG(C34)HSA conjugates were prepared
on a multigram scale by treating native HSA (n-HSA) with 5-
or 20-kDa mPEG-maleimide, resulting in up to 77%
conversion of the mono-PEGylated adduct. Nanoparticle
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tracking analysis of PEG(C34)HSA formulations in phosphate buffer revealed an increase in the number of nanosized
aggregates relative to n-HSA, both in the absence and presence of PTX. Cell viability studies conducted with MCF-7 breast
cancer cells indicated that PTX cytotoxicity was enhanced by PEG(C34)HSA when mixed at 10:1 mol ratios, up to a 2-fold
increase in potency relative to n-HSA. The PEG(C34)HSA conjugates were also evaluated as PTX carriers across monolayers of

HUVEC and hCMEC/D3 cells, and found to have permeation profiles nearly identical to those of n-HSA.

B INTRODUCTION

Protein function and recognition can be rationally modified by
the covalent ligation of molecular structures such as optical
tags,' targeting ligands,” carbohydrates,> and polymers.*
However, coupling methods that rely on available amines or
carboxylic acids for amide bond formation typically have poor
regioselectivity and can result in intra- or intermolecular cross-
links that lead to protein denaturation, aggregation, or general
loss of function.” Site-specific ligation methods are highly
desirable for introducing additional functionality to proteins
without disrupting other physicochemical properties. A useful
alternative to amide bond formation involves the chemo-
selective addition of alkylmaleimides to exposed cysteines.”
This method of conjugation has little to no effect on the
electrostatic surface potential of proteins at physiological pH
and is thus less likely to induce unintended changes in
secondary or tertiary structure. N- and C-modified proteins
have the intrinsic drawback of having different net charges
relative to the native protein, which can affect their conforma-
tional behavior, dispersion stability, aggregation kinetics,
biomolecular recognition, and catalytic activity.”®®
PEGylation (i.e., the ligation of one or more polyethylene
glycol chains to external residues) is a widely used tactic to
modify the pharmacokinetic properties of drug carriers'®'" and
protein-based biologics.'>'*> Covalently attached PEG chains
can stabilize proteins by providing a surrogate hydration shell*
or prevent denaturation by limiting conformational freedom."
While much attention has been paid to antibodies and other
“functional” biomolecules, passive proteins such as human
serum albumin (HSA) are also important candidates because of
their putative roles in drug solubilization and delivery. HSA’s
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native role as a plasma carrier makes it an ideal candidate for
transporting hydrophobic drugs that possess higher binding
affinities from the bloodstream into extravascular tissue
space.'®'” HSA is thought to facilitate drug permeation by
passing through endothelial layers via caveolar-mediated
transcytosis.' "> As one of most abundant proteins in the
plasma (35—50 mg/mL),”® HSA forms aggregates reversibly
and can accumulate passively in tumor tissue due to the
enhanced permeability and retention (EPR) effect.”"** In this
regard, we note that HSA-based formulations have been
characterized as nanoparticles ex vivo but are thought to
disperse into monomeric form soon after entering the
bloodstream.”® This suggests that the pharmacokinetic proper-
ties of HSA may be tailored by judicious structural changes.
Interest in albumin-based drug delivery has been increasing
due to the favorable pharmacology of HSA, its low
immunogenicity, and its current availability in recombinant
form. A well-known example of albumin-based formulation is
HSA-bound paclitaxel (Abraxane), currentLy being used for the
treatment of several late-stage cancers.”*"%° Paclitaxel (PTX) is
a powerful antimitotic that induces apoptosis in rapidly dividing
cells;*” however, its therapeutic efficacy has been compromised
by poor water solubility or by surfactants with peripheral side
effects (e.g, Cremophore EL).*®*7° The clinical success of
Abraxane confirms the benefits of HSA as a carrier of poorly
soluble drugs like PTX; nevertheless, adverse side effects such
as moderate neuropathy and neutropenia persist,**"*>
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indicating the need to further optimize drug loading and
delivery.

PEGylated HSA has been prepared by conventional amide
ligation and shown to provide significant enhancements in its
pharmacokinetic profile for drug delivery.> However, most
studies have been conducted by modifying the acidic or basic
residues on albumin, and the poor regioselectivity of amide-
based ligations render these formulations vulnerable to
unintended changes in structure or colligative properties. For
example, N-PEGylation reduces the volume of the hydrophobic
binding cavity in the second R-helix domain, despite overall
retention of HSA size and shape.**

Both HSA and its congener bovine serum albumin (BSA)
possess a free thiol residue at Cys-34, which presents the osption
of site-specific S-PEGylation using maleimide chemistry.>>*° S-
PEGylation of albumins can be performed with minimal
perturbation to pre-existing disulfide bridges with subsequent
retention of protein structure, as demonstrated in the case of
PEG(C34)BSA,* and can increase its circulation lifetime
relative to unmodified albumins, as demonstrated in a rat model
with PEG(C34)HSA.*>® These reports indicate that S-
PEGylation at Cys-34 is an appealing alternative to amide-
based ligations for developing albumin-based carriers with
tailored pharmacological properties. It is worth mentioning that
maleimide-based reagents have also been developed for
PEGylation across disulfide bonds*”*® but are not immediately
relevant for proteins bearing free thiols.

In this article, we characterize the carrier properties of two
mono-PEGylated HSA derivatives with site-specific conjugation
at Cys-34, prepared on a multigram scale using maleimide-
terminated mPEG chains having molecular weights of 5 and 20
kDa. S-PEGylation produces minimal perturbations in con-
formation or solubilization of PTX but significantly increases
HSA'’s propensity to self-assemble into protein nanoparticles as
characterized by nanoparticle tracking analysis (NTA). We also
investigate the permeation of PTX through monolayers of
human umbilical vascular endothelial cells (HUVEC) and brain
microvascular endothelial cells (h\CMEC/D3) with and without
PEG(C34)HSA conjugates, and evaluate the therapeutic
efficacy of PTX-loaded PEG(C34)HSA against MCF-7 breast
cancer cells relative to native HSA (n-HSA). We find that C34-
PEGylation has essentially no negative impact on PTX loading
and subsequent permeation across cell monolayers. However,
PEG(C34)HSA conjugates provide substantial increases in the
transport and cytotoxicity of PTX delivered to MCF-7 cells,
with negligible toxicity from PEGylated HSA alone.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PEGylated HSA
Adducts. Following an earlier reported procedure,® PEG-
(C34)HSA adducts were prepared at 37 °C in mildly acidic
PBS (pH 6.5) by combining n-HSA (25 mg/mL) with 2 or 4
equivs of S-kDa or 20-kDa mPEG-Mal (Scheme 1).
Maintaining a pH slightly below 7 helps to keep HSA in
conformations that shield its internal disulfide bonds from
other solutes.* Analytical samples of S-PEGylated HSA were
obtained by HPLC purification, whereas protein mixtures
synthesized on a multigram scale were separated from
unreacted mPEG-Mal by stirred ultrafiltration. Recombinant
HSA was used instead of plasma-derived HSA, which reduces
the risk of infection from unknown viruses or prions that may
be present in the latter. Recombinant and plasma-derived HSA
have been shown to be identical in structure.*
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Scheme 1. Synthesis of PEG(C34)HSA Using 5- or 20-kDa
mPEG-Maleimide (Mal)®
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MALDI-MS and analytical HPLC were used to assess the
degree of PEGylation: n-HSA produced a strong peak at m/z
66,553, whereas PEGgg- and PEG,q(C34)HSA produced
additional peak sets centered at 71,984 (+5,431 amu) and
87,694 (+21,141 amu), respectively (Figure la—c). HPLC
analysis on dialyzed samples indicated that treatment of n-HSA
(Rt 6.4 min) with two equivalents of S-kDa mPEG-Mal
supported a 72% conversion into PEGg(C34)HSA (Figure
le), whereas treatment with two equivalents of 20-kDa mPEG-
Mal supported a 48% conversion into PEG,(C34)HSA
(Figure 1f). The conversion efficiency was not affected by
changes in reaction time, temperature, or pH, but increasing the
amount of 20-kDa mPEG-Mal to four equivalents increased the
conversion of PEG,,x(C34)HSA to 77% (Figure S3,
Supporting Information). It should be noted that the HSA
was not pretreated with reducing agents, which can further
optimize maleimide addition to free cysteines;** therefore, the
yields reported here should be viewed as a lower limit. We also
note that ultrafiltration of PEG(C34)HSA from excess mPEG-
Mal on a multigram scale was initially tedious due to the high
viscosity of the retentate but became more efficient after several
washings, with less than 1 wt % mPEG after six cycles according
to HPLC (Figure S4, Supporting Information). All subsequent
studies using PEG(C34)HSA were performed with protein
mixtures prepared from a 2:1 ratio of mPEG-Mal to n-HSA,
and purified by six cycles of ultrafiltration.

ATR-IR analysis confirmed the retention of the PEG chain
after exhaustive dialysis, with a strong peak at 1090 cm™
corresponding to C—O stretching modes, and minimal
differences in the amide peak region relative to n-HSA (Figure
S2, Supporting Information). Circular dichroism analysis of the
PEG-(C34)HSA derivatives also indicated negligible changes in
secondary protein structure relative to n-HSA, with very minor
perturbations in the 195—260 nm region (Figure 2). We thus
presume that S-PEGylation at Cys-34 has minimal influence on
the secondary structure of HSA.

Effect of PTX-HSA Formulations on Cell Viability.
MCE-7 cells exposed to 10 nM PTX using a 30:1 mol ratio of
PTX/n-HSA had a 1.7-fold greater therapeutic effect compared
to that of 10 nM PTX in PBS without HSA (p < 0.05), whereas
PTX formulated in a 10:1 mol ratio with n-HSA had 3.1-fold
greater efficacy (p < 0.005; Figure 3).** HSA without PTX (up
to 100 nM) had a negligible effect on cell viability, confirming
that its primary role is to increase the solubilization of PTX.
The increased drug efficacy did not vary significantly for PTX/
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Figure 1. (a—c) MALDI-MS analysis of n-HSA (m/z ~66.5 kDa), PEG(C34)HSA (m/z ~72.0 kDa), and PEG,(C34)HSA (m/z ~87.7 kDa);
(d—f) HPLC traces of n-HSA (as received), HSA treated with 2 equiv of mPEGgg-Mal or 2 equiv of mPEG,o-Mal. For additional data, see Figures

S3 and S4, and Table S1 (Supporting Information).
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Figure 2. Circular dichroism spectra of n-HSA, PEGg(C34)HSA
(72% conversion), and PEG,,(C34)HSA (77% conversion).

n-HSA ratios below 10:1, implying an upper limit of 10
molecules of PTX per HSA carrier.

MCEF-7 cells exposed to 10 nM PTX in a 10:1 mol ratio of
PTX and PEG(C34)HSA or PEG,(C34)HSA experienced
similar increases in toxicity relative to that of PTX alone
(Figure 4). As in the case with n-HSA, maximum efficacy was
attained when PTX was formulated in a 10:1 mol ratio with
PEG(C34)HSA derivatives compared to a 30:1 ratio, with no
further improvements below that. These results imply that the
PEG chain does not inhibit the ability of HSA to bind and
release PTX. Again, control experiments indicated that
PEGylated HSA derivatives have no effect on cell viability.

MCE-7 cells were exposed to a range of PTX doses (0.3—33
nM) formulated at 10:1 mol ratios with n-HSA, PEG(C34)-
HSA, or PEG,(C34)HSA. For intermediate PTX doses (6.6
nM), we observed that formulations with PEG,(C34)HSA
were at least 60% more toxic than that of PEG¢(C34)HSA (p
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Figure 3. Effect of formulating PTX (10 nM) with n-HSA on MCF-7
cell cultures, S days post-treatment (N = 3). PTX/n-HSA mole ratios
range from 30 to 0.1, with [PTX] fixed at 10 nM. Significant changes
in cytotoxicity marked with * (p < 0.05) or ** (p < 0.00S). Error = 1
stdev.

< 0.05) and 80% more toxic than that of n-HSA (p < 0.01;
Figure 5). A linear interpolation of cytotoxicity data at 3.3 and
6.6 nM yields ICs, values of 6.5, 5.9, and 4.7 nM when PTX is
formulated, respectively, with 10 mol% of n-HSA,
PEG(C34)HSA, and PEG,(C34)HSA, with the latter
providing a nearly 40% increase in acute cytotoxicity relative
to n-HSA. While the basis for the greater potency provided by
PEG,x(C34)HSA has not yet been elucidated, we observe an
intriguing correlation with changes in the self-association
behavior of HSA induced by Cys-34 tethered mPEG chains
(see below).
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Figure 4. Effects of PTX (10 nM) formulated with PEG4(C34)HSA
or PEG,(C34)HSA on MCF-7 cell cultures, 5 days post-treatment,
with [PTX] fixed at 10 nM (PTX/HSA = 30—0.1; N = 3). Significant
changes in cytotoxicity are marked with * and ** (p < 0.005). Error =
1 stdev.
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Figure S. Cytotoxicity of PTX (0.3—33 nM) formulated in a 10:1 mol
ratio with n-HSA, PEG(C34)HSA, or PEG,qx(C34)HSA (MCE-7
cells, S days post-treatment; N = 3). Significant changes in cytotoxicity
marked with * (p < 0.05) or ** (p < 0.01). Error = 1 stdev.

Effects of PEGylation and PTX on Protein Nano-
particle Formation. Nanoparticle tracking analysis (NTA)
was used to measure the hydrodynamic size (d)) and
concentration of submicron protein aggregates in PBS (pH
6.5). In nearly all cases, multimodal distributions were obtained
with a wide variance (range of 100—400 nm); however, a
comparison between data sets revealed clear differences in
population sizes. At high protein concentration (1 mg/mL or
13—15 uM), mixtures containing PEGsg- and PEG,oc(C34)-
HSA formed several times more nanoparticles than n-HSA
(Figure 6a), while their d, and volumetric mean values (d,.)
remained roughly the same (Table 1). At 10-fold lower
concentration (0.1 mg/mL or 1.3—1.5 uM), suspensions with
PEGylated HSA again showed a higher number of nano-
aggregates relative to pure n-HSA (Figure 6b). Although these
concentrations are substantially higher than those used in the

944

g 20x10'q
= .\ n-HSA
E : 4 mPEGS5K-(C34)HSA
@ “1.5%10 9 o - -- MPEG20K-(C34)HSA
=] P! —-—- PBS background
; Al
= 1.0x10" A
=] i i %
= i 31
m i 4,
= ; i
5 e i “ %
O 5.0x10% ! L
2 .
(=]
O
0.0 4= 1“1 I e i e “--‘i'_-"—r "l
0 50 100 150 200 250 300 350 400
Particle Size (nm)
b 4x10°
= ——n-HSA
£ N o MPEGSK-(C34)HSA
= S0 == MPEG20K-(C34)HSA
2 ~-—- PBS background
@
o 2x10°
c
°
S
§ 1x10°4
(5]
c
o
o
0 e T T T T e 1
50 100 150 200 250 300 350 400
Particle Size (nm)
¢ 1.0x10" a n-HSA + PTX
- 3 < MPEGS5K-(C34)HSA + PTX
z ) L e mMPEG20K-(C34)HSA + PTX
% 8.0x10°4 'l —— PTXinPBS
@ + }  ----- PBS background
o g i
= i A -
T 6.0x10° '3 T i
“ﬂ__' H : r. _\
5 AYE
= 4.0x10°A a4
= | “J \
g . 71
g 20x10°
o
O ;
‘ Pt Ol Nag
0.0 4——pbem L S T e 1
0 50 100 150 200 250 300 350 400

Particle Size (nm)

Figure 6. Hydrodynamic size analysis and number distribution of HSA
nanoparticles by NTA, for mixtures comprising n-HSA, PEGg(C34)-
HSA, and PEG,(C34)HSA in PBS. (a) 1 mg/mL (13—15 uM), (b)
0.1 mg/mL (1.3—1.5 M), and (c) 0.1 mg/mL with 10 equiv of PTX.
A plot of PTX aggregates in PBS without HSA ([PTX] = 12.5 uM) is
included for comparison.**

cytotoxicity assays, they show that S-PEGylation promotes
HSA nanoparticle formation. It is worth noting that dynamic
light scattering analysis of pure PEG,(C34)HSA at 0.01 mg/
mL also indicates nanoparticle formation (d, = 30—80 nm),
whereas n-HSA at the same concentration is essentially
monomeric.>®

The effects of PEGylation on the spontaneous formation of
HSA nanoparticles were also evident for excipients formulated
with PTX at a 10:1 mol ratio. At low carrier concentration (0.1
mg/mL), mixtures with PEGgg- and PEG,x(C34)HSA formed
aggregates with a narrower, bimodal distribution relative to n-
HSA (Figure 6¢).** 1t is worth noting that the number of n-

DOI: 10.1021/acs.bioconjchem.5b00143
Bioconjugate Chem. 2015, 26, 941-949



Bioconjugate Chemistry

Table 1. Statistical Analysis of HSA Nanoparticles by NTA

hydrodynamic size (nm)

sample particle count (x10° mL™")* mode peaks? mean (d,) RSD (%) doo© RSD (%)

1 mg/mL (No PTX)

n-HSA 258 100—160 (broad), 235 162 48 200 43

MPEG (C34)HSA 745 100, 320 152 51 195 45

mPEGZOK(C34)HSA 671 140, 220 188 50 237 45
0.1 mg/mL (No PTX)

n-HSA 92 120, 150, 225, 340 192 37 219 35

mPEG.y(C34)HSA 21 125, 210, 290 166 48 206 43

MPEG(C34)HSA 157 120, 180, 290 182 48 27 44

0.1 mg/mL (10:1 PTX/HSA)

n-HSA 123 90, 140, 220 189 65 264 54

MPEG,y (C34)HSA 161 90, 160 105 35 120 33

MPEG(C34)HSA 225 105, 210 141 43 173 40

PTX, 13 ﬂg/de 215 110, 160, 310 173 38 198 35

“On the basis of the average number of tracks over three runs. ”>100% above background. “Volumetric mean d,q = (Zn,d;*/N)"/3, where n, is the
number of particles with size d,. “15 M PTX with 1% DMSO in PBS; no HSA present.

HSA and PEG,u(C34)HSA nanoparticles increased signifi-
cantly in the presence of PTX, suggesting their formation to be
driven partly by the cooperative association of hydrophobic
domains. These results reveal the complex interplay between
protein concentration, PEG chain length, and the inclusion of
PTX on the self-assembly of HSA nanoparticles in physiolog-
ically relevant conditions.

Effect of Formulations on PTX Permeability. Mono-
layers of HUVEC and hCMEC/D3 cells were initially tested to
examine the effect of n-HSA and mPEG(C34)HSA on PTX
permeability, using a ['*C]-labeled drug. HUVEC monolayers
are used to model the peripheral vasculature, whereas the
hCMEC/D3 monolayers are representative of the blood—brain
barrier.**® Studies were run at 1 gM ['*C]-PTX alone and in
10:1 mol ratio with n-HSA or mPEG(C34)HSA, preceded by a
4-h4 7pre-equilibration period for the cell monolayers (Figure
7).

The HSA formulations did not produce significant
90B08 1 Lo Alone
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Figure 7. Permeability of 1 uM ["*C]-paclitaxel across hCMEC/D3
and HUVEC monolayers. Studies were run in triplicate simultaneously
using a 10:1 mol ratio of PTX/n-HSA or PEG(C34)HSA (error = 1
stdev).

differences in ['*C]-PTX permeation across either cell
monolayer, which suggests that the binding and permeation
of free PTX may be reversible. However, HUVEC monolayers
exhibited significantly faster permeability rates, implying that
PTX permeates more readily into the vascular periphery
relative to the brain. This is expected, as hCMEC/D3 cells
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express high levels of efflux transporters such as P-glycoprotein
that are active against PTX.**

The effect of PTX concentration on HSA-mediated
permeability was also investigated. P, values across HUVEC
monolayers were initially obtained at 0.5, 1, 10, and 25 yM
PTX in a 10:1 mol ratio with n-HSA or PEG(C34)HSA,
following pre-equilibration. Studies conducted at 0.5 and 1 uM
PTX contained only the ['*C]-labeled drug, whereas higher
concentrations were made from an unlabeled drug supple-
mented with 1 uM ["*C]PTX. At low solute concentrations, n-
HSA appears to provide greater permeability then -either
PEGk(C34)HSA or PEG,,(C34)HSA, but at higher concen-
trations, no significant differences are observed (Figure 8a).
The effect of drug—carrier ratio on permeability was also
examined at a 5:1 ratio of PTX to n-HSA or PEG(C34)HSA
(Figure 8b). In this case, modest decreases in P,,, values at
higher solute concentrations were observed for all three HSA
formulations, with minor differences between carrier species.

While P, is useful for delineating possible changes due to
partitioning, diffusivity, or variations in free drug for each
formulation, it only represents average marker velocities. It is
perhaps more important to consider the effects of formulation
on drug flux (P,,, X C,), which represents the actual amount of
drug transferred across the endothelial barrier and is a reliable
metric for estimating blood levels. Since flux is concentration-
dependent, it better illustrates the effects of solubilizing
formulations than the relatively small changes in P, As
expected, large increases in flux are observed for both 10:1 and
5:1 mol ratios of PTX to n-HSA or its S-PEGylated conjugates
(Figure 9). Again, S-PEGylation had little to no impact on drug
transport, with minor differences attributable to the limited
precision typically observed in permeation studies. This
establishes that C34-PEGylated HSA can increase PTX efficacy
as shown above, without compromising drug solubilization and
permeability.

The enhanced efficacy of PTX formulated with PEGgg- and
especially PEG,,(C34)HSA is greatest near its ICg, value
against MCF-7 breast cancer cells. We also observe that S-
PEGylation increases the number of HSA nanoparticles (up to
1.8-fold) relative to n-HSA, particularly in the presence of PTX.
While further research is needed to establish the basis for
therapeutic enhancement, we consider the following as
plausible factors for the observed phenomena: (1) While the
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Figure 8. Effect of solute concentration on HSA-mediated HUVEC
permeability. (a) P, of ["C]-PTX using a 10:1 mol ratio of PTX to
HSA carrier; (b) P, of [*C]-PTX using a 5:1 mol ratio of PTX to
HSA carrier. Permeability studies were run in triplicate simultaneously;
differences between carriers are marked with * (p < 0.05) or ** (p <
0.01). Error = 1 stdev.

5- and 20-kDa PEG chains attached to Cys-34 do not disrupt
the tertiary structure of HSA, they may reduce its strength of
association with bound PTX by increasing its conformational
lability; (2) changes in the conformational stability of S-
PEGylated HSA may also affect the stability of their aggregates
in endosomes, with greater PTX release to the cytoplasm after
uptake; and (3) the PEG chains may promote the nano-
emulsification of HSA and PTX* into forms that are favorably
transported by albumin receptors.

In short, while the prescribed benefits of protein PEGylation
such as extended stability and circulation times in the
bloodstream are well appreciated,'”™"> there appear to be
additional factors that may contribute toward favorable
pharmacokinetics and drug release profiles and await further
validation.

B CONCLUSIONS

We have established that the formulation of PTX with
PEG,(C34)HSA and especially PEG,,(C34)HSA enhances
its acute toxicity against MCF-7 breast cancer cells relative to
native HSA carriers, while retaining high levels of permeability
across the monolayers of HUVEC or hCMEC/D3 cells. The
latter has important ramifications on the bioavailability of PTX
administered by nonintravenous mechanisms, as well as its
extravasation into diseased tissue. C34-PEGylation has a
notable influence on the size distribution of HSA nanoparticles,
which may be partly responsible for the increased cytotoxicity
of the PTX payload. Future studies are needed to generalize the
therapeutic and pharmacokinetic enhancements of PEG(C34)-
HSA-mediated uptake for different classes of hydrophobic
drugs, as well as various cancer cell lines and animal tumor
models.
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Figure 9. ["*C]-PTX flux across HUVEC monolayers using n-HSA or
PEG(C34)HSA. (a) 10:1 molar ratio of PTX to HSA carrier; (b) 5:1
molar ratio of PTX to HSA carrier. Permeability studies run in

triplicate simultaneously; differences between carriers are marked with
* (p < 0.05) or ** (p < 0.01). Error = 1 stdev.

B MATERIALS AND METHODS

Materials. Recombinant HSA was obtained from GenLantis
(San Diego, CA); mPEG-maleimide was obtained from Laysan
Bio (Arab, AL); hydrocortisone, Hank’s balanced salt solution
(HBSS), polystyrene T-75 flasks, and Transwell permeable
supports were purchased from Sigma-Aldrich (St. Louis, MO).
Paclitaxel was obtained from LC Laboratories (Woburn, MA);
and radiolabeled ['*C]paclitaxel ([**C]PTX) was purchased
from Moravek Biochemicals (Brea, CA). DMEM media,
penicillin/streptomycin, and r-glutamine were obtained from
Corning Cellgro (Manassas, VA); fetal bovine serum was
obtained from Atlanta Biologicals (Atlanta, GA); MTT reagent
was obtained from RPI (Mount Prospect, IL); EGM-2, EBM-2,
and basic fibroblast growth factor were obtained from Lonza
(Walkersville, MD). MCF-7 cells were obtained from the
Purdue Center for Combinatorial Chemical Biology; HUVEC
cells were obtained from the American Type Culture Collection
(ATCC; Manassas, VA); and hCMEC/D3 cells were provided
by Dr. Pierre-Olivier Couraud at Institut Cochin (Paris,
France). Phosphate buffer solution (PBS) was prepared by
10-fold dilution from a concentrated stock containing 80 g of
NaCl, 2 g of KC], 4 g of Na,HPO,, and 2 g of KH,PO,. All
solutions were prepared using initially deionized water using a
Milli-Q_ultrafiltration system from Millipore (Bedford, MA)
with a measured resistivity above 18 MQ-cm and passed
through a 0.22-um filter to remove particulate matter.
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Gram and Multigram Synthesis of PEG(C34)HSA
Conjugates. In a typical reaction, powdered HSA (1.0 g,
15.1 ymol) was dissolved in 40 mL of sterilized PBS (adjusted
to pH 6.5) in a 100 mL glass round-bottomed flask. The PBS
was passed through a 0.2-ym syringe filter prior to use, and the
mixture was stirred for 15 min. mPEGgc-Mal (155 mg, 31
umol) or mPEG,g-Mal (620 mg, 31 pmol) was dissolved in 10
mL of sterilized PBS (pH 6.5) and added in 1 mL portions over
1 min to the stirred HSA solution. The mixture was placed in a
37 °C bath and stirred for 20 h, then cooled to room
temperature. Solutions of S-PEGylated HSA were transferred to
dialysis membrane tubings (MWCO 12.4 kDa for PEGg-HSA;
MWCO 50 kDa for PEG,ox-HSA) and gently agitated in 500
mL of deionized water to remove salts and excess mPEG-Mal
(2 rounds, > 1 h each). Approximately 90% of each
PEG(C34)HSA was set aside for cell culture studies; the
remainder was subjected to additional dialysis for character-
ization. PEG(C34)HSA conjugates could be lyophilized and
stored in the dark at 4 °C.

For PEG(C34)HSA conjugates prepared on a multigram
scale, purifications were performed with an Amicon stirred
ultrafiltration cell (180 mL) equipped with a cellulose
membrane filter (100 kDa MWCO), both from Millipore.
Reaction mixtures were concentrated to gelatinous slurries (ca.
10 mL), then redispersed in deionized water to maximum
volume, and repeated for up to 6 cycles. The rate of filtration
ranged from over 10 mL/min to under 1 mL/min, depending
on the concentration of residual mPEG-Mal in the retentate.

Protein Characterization. Matrix-assisted laser desorption
ionization mass spectra (MALDI-MS) were obtained using an
Applied Biosystems Voyager DE PRO spectrometer, equipped
with a nitrogen laser (337 nm) and a time-of-flight mass
analyzer. Positive-ion MS were obtained in the linear mode
using an accelerating voltage of 25 kV, a grid voltage of 94%,
and an extraction delay time of 98 ns. The m/z range for this
study was 10—100 kDa, using 150 laser shots per spectrum and
sinapinic acid as the matrix material.

Circular dichroism (CD) spectra were obtained using a Jasco
J-810 spectrophotometer. Protein samples were prepared in
halide-free phosphate buffer and diluted to 1 uM. The
instrument was flushed with nitrogen for 1 h prior to use;
spectra were collected in triplicate from 190—260 nm at a scan
rate of 7 min at 25 °C, with data averaging performed after
background subtraction. Attenuated total reflectance infrared
(ATR-IR) spectra were acquired using a Nicolet Nexus 670 FT-
IR, under constant nitrogen flow. Samples were prepared by
depositing 1 mL of solution onto the ATR crystal, then dried
under a nitrogen stream until a thin film was obtained. The
sample chamber was purged for 20 min prior to collecting data.

High-performance liquid chromatography (HPLC) analyses
were performed on 100-uL aliquots of PEG(C34)HSA after
extensive dialysis, using an Agilent 1100 Series HPLC with a
Zorbax XDB-C8 column (Agilent, 4.6 mm X 15 cm). Gradient
elutions were performed using 33—66% aqueous CH;CN with
0.1% trifluoroacetic acid (TFA) at a flow rate of 0.75 mL/min;
the column was equilibrated at 33% CH;CN for at least 30 min
prior to sample injection. Proteins were detected by absorbance
at 280 nm, with yields determined by peak area integration.
Levels of free mPEG-Mal were determined by HPLC at 215
nm, using a Zorbax XDB-C8 column with a gradient elution of
35—45% CH,CN plus 0.1% TFA (S-kDa mPEG-Mal) or a
Phenomenex C18 reversed-phase column (2.0 mm X S cm)
with a gradient elution of 30—90% CH,CN plus 0.1% TFA (20-
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kDa mPEG-Mal), with calibrations against a reference sample.
In both cases, the amount of residual Mal-mPEG after six
rounds of ultrafiltration was less than 1 wt % (Figure S4,
Supporting Information).

Particle Characterization. Nanoparticle tracking analysis
(NTA) was performed using a Nanosight LM-10 system
equipped with a blue laser (4 = 405 nm), with data analysis
supported by NTA v.2.3.5.0033 (Build 16).*° NTA was
performed using PBS (pH 6.5) stored in polyethylene
containers. The imaging chamber was cleaned with acetone
and a microfiber cloth prior to use, then washed with particle-
free water until no background signals were observed. Water
was removed from the NTA chamber with a sterile plastic
syringe just prior to use and replaced with protein solution
(1.0—0.1 mg/mL). Three tracking videos were collected per
sample; S0 uL of fresh solution was injected in between each
run to prevent protein aggregates from settling, followed by a
60-s recording at a shutter speed of 700 and a gain of 400. The
number of tracks per run varied from 300 to 2000, depending
on concentration. Hydrodynamic size analysis was derived from
the number and volume particle distributions, with population
samples based on the number of tracks accumulated over
several runs. Optimized parameters for video analysis
(advanced mode) include a detection threshold of 10, a 9 X
9 blur setting, and automated settings for track length and
minimum particle size.

HSA—PTX Formulation. PTX-HSA formulations were
produced from freshly prepared stock solutions of PTX in
DMSO (585 uM) and PEG(C34)HSA or n-HSA in PBS
adjusted to pH 6.5 (150 pM). PTX solutions were diluted
serially with PBS to concentrations at 40X above the target
dose. PTX and HSA stock solutions were then combined in a
1:1 v/v ratio (0.4 mL total) and allowed to stand for 4 h at
room temperature, prior to use. Then, 10-uL aliquots of HSA—
PTX solution were added to 190 uL of cell culture media in 96-
well plates containing MCF-7 cells at 10—20% confluence.
DMSO concentrations were 0.1% v/v or less; a flowchart
describing a protocol for serial dilution is provided in
Supporting Information (Figure S1).

Cell Permeation Studies. HUVEC and hCMEC/D3 cells
were cultured in T-75 flasks at 37 °C, 5% CO,, and 90%
humidity. HUVECs were cultured in EBM-2 supplemented
with Lonza EGM-2 SingleQuots. hCMEC/D3 cells were
cultured in EBM-2 supplemented with $% FBS, 1X
penicillin—streptomycin, 1 ng/mL basic fibroblast growth
factor, 1.4 yM hydrocortisone, 5 pg/mL ascorbic acid, 1%
chemically defined lipid concentrate, and 10 mM HEPES
buffer. After thawing, cells were passaged at least three times
before transport studies with media changes every other day.

Transport studies were performed in the apical to basolateral
direction in triplicate wells simultaneously. HUVECs were
seeded between passages 6—10, while hCMEC/D3 cells were
seeded at passages 34—42. Cells were seeded onto collagen-
coated, 0.4-um polyester Transwells, at a density of 50,000
cells/cm? for HUVECs and 70,000 cells/cm?* for hCMEC/D3
cells.. HUVEC and hCMEC/D3 cells were allowed to
proliferate and differentiate for 7 and 14 days, respectively,
with exchange of cell culture media every other day. Confluent
cell monolayers were washed twice with PBS, then equilibrated
for 30 min in HBSS, just prior to permeability studies.
Formulations containing ["*C]-PTX were added to the apical
side of the Transwell plate, which was kept on a rocker tray as
aliquots were removed from the donor compartment at 15, 30,
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45, 60, and 90 min time points. Initial and remaining donor as
well as cell lysate samples were also taken for permeability and
mass balance calculations. Then, 100 yL samples were diluted
in 4 mL EcoLite scintillation fluid and counted for 5 min on a
Beckman Coulter LS 6500 scintillation counter. Apparent
permeability (Papp) coefficients were determined using the
following equation:

v 1
dt SA X C, X 60

app

where dM/dt (counts/min) is the steady-state rate of mass
transfer, SA (cm?) is the surface area of the apical membrane,
and C, (counts) is the initial donor concentration. Studies were
compared using an unpaired, two-tailed Student’s t-test.

Cell Viability Assays. Mitochondrial oxidation assays using
the tetrazolium dye MTT were performed as previously
described® but using MCF-7 breast cancer cells, which were
cultured in T-75 flasks and complete DMEM media with 10%
fetal bovine serum (FBS), 1% vr-glutamine, and 1% penicillin/
streptomycin prior to plating. In a typical experiment, 96-well
microtiter plates (5,000 cells/well) were incubated overnight in
200 puL of media to approximately 10% confluence. Solutions in
each well were replaced the following day with 190 uL of fresh
media and 10 yL of PTX-HSA formulation, followed by S days
of incubation at 37 °C under a 5% CO, atmosphere. The media
were removed and replaced with 190 yL fresh media and 10 uL
0.5% MTT, incubated at room temperature for 14 h, then
replaced with 200 L of DMSO for homogenization.
Absorbance measurements were recorded on a VersaMax
microplate reader at 570 nm with background subtraction; cell
viabilities were normalized to a negative control group (having
reached 70—90% confluence over S days). Experiments were
run in triplicate with errors representing one standard
deviation; two-tailed probability values were obtained by
Student’s t test.

B ASSOCIATED CONTENT
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Flowchart describing PTX-HSA formulations for the in vitro
toxicity study; FT-IR spectra; and additional LC analysis of
HSA PEGylation. The Supporting Information is available free
of charge on the ACS Publications website at DOIL: 10.1021/
acs.bioconjchem.5b00143.
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