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ABSTRACT: Albumin is an exquisite tool of nature used in
biomedicine to achieve long blood residence time for drugs, but the
payload it can carry is typically limited to one molecule per protein.
In contrast, synthetic macromolecular prodrugs contain multiple
copies of drugs per polymer chain but offer only a marginal increase
in the circulation lifetime of the drugs. We combine the benefits of
the two platforms and at the same time overcome their respective
limitations. Specifically, we develop the synthesis of albumin−
polymer−drug conjugates to obtain long circulating, high payload
drug delivery vehicles. In vivo data validate that albumin endows the
conjugate with a blood residence time similar to that of the protein
and well exceeding that of the polymer. Therapeutic activity of the
conjugates is validated using prodrugs of panobinostat, an HIV
latency reversal agent, in which case the conjugates matched the drug in terms of efficacy of treatment.

Extending the half-life of drugs has become a top priority of
current medicinal chemistry, nanomedicine, and pharma-

ceutical sciences.1,2 For injectable formulations and specifically
for biological drugs, association of therapeutics with albumin
has proven to be highly advantageous in that this protein is
characterized with a phenomenal circulation lifetimeachieved
through physiological mechanisms of protein recycling.3

Conjugation of peptides and proteins to albumin results in a
tremendous increase in the half-life of therapeutics,4,5 and this
technology has already brought products to the market.6

However, the shortcoming of this platform for drug delivery is a
restricted cargo loadingjust one drug molecule per
albumin.4,7 This means that only highly potent drugs are
suitable for this mode of drug delivery, whereas the overall
majority of drugs on the market is not.
In contrast, macromolecular prodrugs (MPs) are highly

beneficial in that each conjugate contains multiple copies of
drug(s) creating a higher deliverable payload.8 MPs facilitate
drug delivery to tumors,8 to the inflamed tissues,9,10 and in
antiviral efforts.11−13 MPs enhance blood residence time of the
drug by virtue of having an increased molar mass compared to
the parent drug and thus being less susceptible to renal
filtration.8 However, MPs only extend circulation lifetime of
small drugs from minutes to a few hourscompared to the 3
weeks long circulation times for albumin conjugates.3 Further
increase in blood residence time necessitates molar masses of
MPs increased well above the renal filtration threshold (ca. 30
kDa)up to the MDa range14and this also aggravates the

associated toxicity and the off-target effects.15 The translation
from lab to clinic for MPs has been nonyielding, and to date
there is not a single product based on synthetic MPs on the
market.
In this work, we put forward a hypothesis that conjugates of

albumin and MPherein termed albumin−polymer−drug
conjugates (APD)would overcome the respective limitations
and combine the benefits of MPs and albumin for drug delivery.
We envision that from albumin APD would inherit long blood
circulation lifetime, whereas from MP it would inherit
multiplicity of drug copies per carrier.
Albumin is the most abundant protein in human plasma and

is understandably highly popular in drug delivery and imaging
applications, specifically in the form of albumin-based
aggregates, i.e., nanoparticles.16 In these applications, albumin
is often denatured,17 cross-linked,18 or else modified taking no
care to preserve physiological characteristics of albumin such as
the receptor recognition events. These nanoparticles are
developed for anticancer treatment and/or imaging with the
aim to facilitate tumor localization of the payload through the
enhanced permeation−retention effect. This effect is due to the
particles size (∼100 nm) and is observed for nanoparticles
composed of virtually any organic or inorganic material, i.e., not
unique to albumin.19 Furthermore, to achieve long circulation
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times, nanoparticles have to be PEGylated to avoid rapid
clearance.19 Powerful in their own right, albumin-based
aggregates currently offer little to no clinical evidence for
enhanced pharmaceutical performance of the associated drugs.
By contrast, the nature-inspired approach to use albumin as a

drug carrier relies on the intact, nondenatured, pristine
albumin. In this case, extended circulation lifetime for the
associated drugs is achieved due to the recognition of albumin
by the neonatal FcRn receptor.20 This recognition serves as a
basis for the physiological mechanism of recycling for albumin
and is responsible for the 19 days long average half-life of
albumin in humans3 (∼24 h in mice). The long circulation time
is inherited by the albumin−drug conjugates. This approach is
highly successful, and specifically for delivery of biological
drugs, there are several products on the market exploiting this
technique.1,20 However, increasing the deliverable payload with
the use of conjugated MPthat is, the synthesis of molecularly
defined APDhas proven to be challenging and to our
knowledge has not been accomplished to date.
In this work, we specifically address this challenge. We

develop albumin conjugation for a polymer with a successful
history of applications as a drug carrier, poly(N-2-hydrox-
ypropylacrylamide), PHPMA.21 As a drug, we use panobinostat,
an FDA-approved anticancer agent22 undergoing clinical trials
as a human immunodeficiency virus (HIV) latency reversing
agent.23 We present in vivo quantification of the blood
residence time for the albumin conjugates and quantify the
therapeutic effect of APD. Our data present APD as long
circulating, high payload bearing drug carriers.
Conjugation of polymers to proteins24−26 and albumin in

particular27,28 can be performed via a divergent28,29 or
convergent26 routes. In this work, the convergent route was
chosen to avoid limitations on polymer synthesis imposed by
protein stability in organic solvents. Design criteria for the
conjugation were set such that the reaction proceeds via a one-
step ligation at physiological conditions and is orthogonal with
the chemistry linking the drug to the polymer (disulfide
chemistry, vide inf ra). Polymer synthesis was accomplished
through the reversible addition−fragmentation chain transfer
(RAFT) polymerization,30 a technique which allows synthesiz-
ing polymers with defined molar mass and low dispersity and
also offers the choice of polymer terminal groups to suit
subsequent conjugation reactions. RAFT agents were synthe-
sized to contain two functionalities typically employed in

bioconjugation, namely, the thiazolidine-2-thione group (TA)
and N-hydroxysuccinimide (NHS). The carboxylic acid RAFT
agent was used as a conjugation control. These RAFT agents
were used to obtain polymers based on HPMA (Figure 1).
Reactions between the polymers and albumin were carried

out in phosphate-buffered saline (PBS), HEPES, and carbonate
buffers (pH 7.3, 8.3, and 8.3). Conjugates were analyzed using
size exclusion chromatography (SEC) equipped with a
refractive index detector, an 8-angle light-scattering detector,
and a full-spectrum UV−vis detector (Figure 2). For polymers
with molar mass over 15 kDa (degree of polymerization over
ca. 100) conjugation efficiency was low and hardly detectable
through SEC, regardless of the terminal group or buffer
conditions (data not shown). This result is most likely due to
steric hindrance and low accessibility of terminal groups. For
carboxylate-containing polymers, protein revealed a negligible

Figure 1. Schematic illustration of the synthesis of albumin−polymer−drug conjugates through copolymerization of the drug-containing monomer
(drug: panobinostat, depicted dark blue) with HPMA via the RAFT mechanism whereby the RAFT agent is chosen to accommodate one-step
conjugation with albumin via the polymer terminal group.

Figure 2. Size exclusion chromatography elution profiles for pristine
albumin and results of conjugation of albumin with HPMA, the latter
obtained using the RAFT agent with a carboxylic acid or thiazolidine-
2-thione functionality, at polymer to protein content of 2, 10, and 20
mol equiv, carried out in phosphate-buffered saline.
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increase in the molar mass, thus suggesting that conjugation
was negligible, regardless of the polymer molar mass. In
contrast, PHPMA with TA terminal groups and an average
molar mass of 6 kDa (P5) underwent efficient conjugation to
albumin (Figure 2). As low as 2 mol equiv of P5 over albumin
in PBS was sufficient to produce conjugates with well-defined
increase in molar mass: 76 vs 68 kDa for the conjugate and
albumin, respectively, which corresponds to the attachment of 1
polymer chain per albumin. Increasing polymer content led to
progressively higher molar masses of the conjugates, up to 87
kDa at 20 mol equiv of P5, i.e., 3 polymer chains per albumin,
signifying a higher conjugation density. SEC elution profiles
also provide important information on colloidal stability of
albumin and the formed conjugates. Pristine protein has a
natural tendency to form dimers, which is readily illustrated by
the SEC data. Conjugation to PHPMA does not change this
tendency and, more importantly, does not lead to further
aggregation of the conjugate into nanoparticles.
With regards to other conjugation conditions, we found that

the reaction was also efficient but not superior in HEPES and
carbonate buffers. NHS-containing polymers afforded lower
increments in molar mass for the conjugates over albumin as
compared to the TA-containing counterparts suggesting lower
conjugation yields (see Supporting Information, Table S3). We
note that albumin has at least 30 lysines available for
conjugation. However, attached polymer chains create a steric
shield and may interfere with the recognition between albumin
and FcRn.31 This may lead to an inefficient albumin recycling
and will defeat the purpose of the proposed design of APD. For
this reason, no effort was made to increase the polymer content
per albumin.
The blood residence time for pristine PHPMA and albumin-

conjugated polymer was tested in vivo in BALB/c mice (5 mice
per group) using a 6.5 kDa polymer. Samples were labeled with
a fluorophore emitting in the near-infrared part of the spectrum
(P6, see Table S4). The dye was attached in a one-pot reaction
to the albumin-conjugated polymer through the azide−alkyne
copper-assisted cycloaddition. The dye is conjugated to the

polymer via a spacer with only nonbiodegradable linkages, and
localization of the fluorophore therefore serves as an
unequivocal indicator of the fate of the test substrate upon
administration into mice. The polymer−protein conjugate was
prepared to contain on average 2 polymer chains per protein
globule. No effort was made to increase the polymer content
per protein such as not to compromise the affinity of albumin
to FcRn. The parent polymer and the polymer−protein
conjugate were administered as PBS solutions via tail vein
injection following which mice were being observed for 7 days.
During this time, blood samples were drawn and analyzed for
fluorescence. At each time point, the detection of fluorophores
in mice was also performed using an in vivo bioimaging
instrument. The parent polymer was excreted from mice
rapidly, as evidenced by a low level of the polymer-related
fluorescence in the blood (Figure 3A) and accumulation of
fluorescence signal in the mouse bladder (Figure 3B). Within
60 min of observation, nearly 90% of the administered PHPMA
dose was eliminated. In contrast, the albumin conjugate was
retained in circulation, as illustrated by a high fluorescence
signal in the blood and as confirmed by the whole body images.
Over half of the dose remained in circulation at the 60 min
observation time point. By 19 h after injection, 80% of the
albumin conjugate had been cleared from the bloodin
agreement with the reported values of albumin blood half-life in
mice7 (cf. half-life in humans of nearly 3 weeks3resulting in
significantly higher values of half-lives of albumin-associated
drugs in humans4). However, whole body images reveal that
the conjugate was not eliminated but was extensively
redistributed throughout the body in tissues (Figure 3B).
Indeed, skin and muscles have been reported to be the
dominant end points of albumin circulation,32 and localization
of the polymer in these tissues is not unexpected. By the 7 day
time point, much of the fluorescence had disappeared from
tissues and excreted, as suggested by drastically decreased levels
of whole body fluorescence. No adverse effects of the
administration of the polymer/polymer−conjugate were
observed either directly after injection or during the 7 days of

Figure 3. In vivo analysis of blood and full-body residence of HPMA (6.5 kDa) or albumin−HPMA conjugate monitored via fluorescence of
polymer remaining in blood (A) and full body fluorescence (B). Inset in panel A shows mice body weight for each treatment performed toward
monitoring toxicity effects. Each group consisted of 5 mice. In panel B: the two mice to the left were injected with the albumin−HPMA conjugate
and the following two mice with HPMA, and the mouse to the right was a control injected with PBS.
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observation, and further there was no difference in the body
weight of treated mice compared to untreated controls (Figure
3A, inset). Taken together, the results in Figure 3 illustrate that
we successfully endowed short polymers with molar mass well
below the renal secretion threshold with a highly sought after
characteristic of having a long blood residence timeby
conjugation to albumin, the most abundant protein in plasma.
The envisioned utility of the APD pertains to delivery of

drugs to abnormal tissues susceptible to accumulation of
macromolecular solutes, namely, tumors8 and inflamed tissues9

as well as organs and tissues which are naturally exposed to high
concentrations of albumin, such as blood20 and lymph.33 The
latter two are important anatomical reservoirs of latent HIV
harboring persistent pools of the virus which remain refractory
to standard antiretroviral treatment and hence cannot be cured.
HIV antilatency approaches are highly warranted and are under
intensive investigation,34,35 specifically with the use of histone
deacetylase inhibitors such as panobinostat. A clinical trial of
panobinostat as an antilatency agent has yielded promising
results,23 and at higher concentrations this drug is approved by
the FDA for the treatment of multiple myeloma.34 Panobino-
stat is a relatively hydrophobic drug, exhibits a pronounced
albumin binding, and has a plasma half-life in humans of ∼16 h
(ref 36). In this form, panobinostat is subject to uncontrollable
release into plasma as a result of drug−drug interactions such as
displacement from albumin by competing solutes, i.e., aspirin.
Pharmacokinetics of this drug is also complex, and the use of
this drug is associated with diverse side effects.37 We used
panobinostat as a model drug to develop APDwith an
ultimate aim to generate safer formulations to achieve reversal
of latency of HIV.
MP was synthesized using copolymerization of HPMA and

PANO-containing monomer and using a TA-containing RAFT
agent (Figure 1). Panobinostat was conjugated to the polymer
through a disulfide linkage which remains stable in blood but is
rapidly degraded when exposed to reductive conditions such as
found inside mammalian cells.38 Panobinostat has no thiol
functionality, and conjugation through disulfide was success-
fully accomplished using a self-immolative linker.39 MP was
characterized with Mn 7 kDa and drug content 5 mol % and
thus contained ca. 3 drug molecules per polymer chain. MP was
conjugated to albumin through the TA terminal group to
generate APD with a composition identical to that analyzed in

Figure 3, i.e., having 2 polymer chains per albumin, shown to
have extended blood residence time. This composition
corresponds to 6 panobinostat molecules per APD. This drug
loading is 6-fold higher than that for loading of biological drugs
and exceeds the typical level of loading for antibodies within
antibody−drug conjugates (typically not exceeding 4 drug
molecules per antibody). SEC profiles (Figure 4A) provide
evidence for coelution of albumin and panobinostat, the latter
having a UV signature different from the protein (Amax = 286
and 278 nm for panobinostat and albumin, respectively). There
was no detectable free drug in the polymer sample used in
bioconjugation, and therefore all detected drug is covalently
linked to PHPMA and albumin. The SEC profile also reveals
that despite the hydrophobicity of the drug APD synthesized in
this work remained colloidally stable and nonaggregated (but
contained a characteristic albumin dimer, as discussed above).
For drug release, we38,40,41 and others42,43 have previously

investigated this disulfide trigger and this self-immolative linker
for delivery of diverse drugs. Specifically, we showed that MPs
are stable in cell culture media and in biological buffers but
readily release their payload in the presence of glutathione and
in cell lysates.41 In the context of creating long circulating drug
reservoirs, it is important to note that this disulfide trigger and
the SIL have been shown to survive albumin recycling, i.e.,
cellular internalization and release.44 However, once in a
reducing environment such as found in cytosole, the prodrugs
release their payload. In agreement with the prior studies, MP
and APD synthesized in this work released panobinostat in
reducing conditions (Figure 4B).
Synthesized APDs were highly active as HIV latency

reversing agents, as studied in two model cell lines, a monocytic
line, and a T-cell derived cell line (ACH2 and U1, respectively)
(Figure 4C). APDs were less potent than the pristine drug, as is
customary for prodrugs45 and albumin-bound biological drugs,4

and in cell culture, efficient HIV activation required
concentration of APD of 50 mg/L. However, levels of HIV
p24 protein following transcriptional activation of HIV-1 with
APD were as high as those achieved using pristine panobinostat
in both tested cell lines indicating that APDs were equally
efficacious as the pristine drug.
Taken together, the results of this work present a novel

approach to create long circulating, high payload bearing drug
delivery systemsthrough the synthesis of macromolecular

Figure 4. (A) Size exclusion chromatography elution profile for the albumin−polymer−drug conjugate illustrating coelution of albumin (light
scattering and refractive index detectors) and panobinostat (UV detector). (B) Drug release was monitored via HPLC to show that in phosphate
buffer saline spontaneous drug release was negligible (trace 1), whereas addition of reducing agents (5 mM DTT) resulted in release of panobinostat
(trace 2). (C) Utility of the albumin−polymer−panobinostat conjugate as a latency reversing agent for HIV as studied in ACH2 and U1 cells latently
infected with HIV using APD (50 mg/L), panobinostat (100 nM), and albumin.
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prodrugs and their conjugation to albumin. The benefits of
APD can be summarized as follows. Compared to the polymer,
designed APDs have markedly longer blood residence time.
The same holds true when comparing APD to panobinostat:
half-life of the drug in human plasma is 16 h (ref 36)far less
than for albumin and therefore less than for the covalently
linked architecture of APD. Finally, compared to albumin, APD
has a higher drug loading, at least 6-fold higher for the
formulation characterized above. We anticipate that the existing
arsenal of tools in polymer chemistry and bioconjugation makes
it facile to adapt the proposed methodology to other drug
candidates and drug targets. We are now applying this toolbox
to the design of APD for anticancer and antiviral applications.
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