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ABSTRACT: In this study, we synthesize charge-varied hyperbranched polymers (HBPs) and demonstrate surface charge as a key
parameter directing their association with speciﬁc human blood cell
types. Using fresh human blood, we investigate the association of 5
nm HBPs with six white blood cell populations in their natural
milieu by ﬂow cytometry. While most cell types associate with
cationic HBPs at 4 °C, at 37 °C phagocytic cells display similar
(monocyte, dendritic cell) or greater (granulocyte) association with
anionic HBPs compared to cationic HBPs. Neutral HBPs display
remarkable stealth properties. Notably, these charge-association
patterns are not solely deﬁned by the plasma protein corona and are
material and/or size dependent. As HBPs progress toward clinical use as imaging and drug delivery agents, the ability to engineer
HBPs with deﬁned biological properties is increasingly important. This knowledge can be used in the rational design of HBPs for
more eﬀective delivery to desired cell targets.
time15,16 and across biological ﬂuids,17 and substantially
inﬂuences nanoparticle function and fate in vivo.18
Nanomaterials can be engineered to (1) avoid nonspeciﬁc
uptake by WBCs and increase circulation times,19,20 (2) target
antigens to WBC subsets to improve vaccine eﬃcacy (e.g.,
dendritic cells for antigen presentation or B cells for induction
of antibodies),11 or (3) target therapeutics to WBC subsets to
improve internalization or transport of drugs.21−25 Several
physicochemical properties that aﬀect cellular uptake have been
studied, including size, shape, and surface chemistry,26−28 while
the role of surface charge in mediating uptake is increasingly of
interest.29 However, studies on the eﬀect of charge on
nanoparticle uptake are largely restricted to highly reductionist
cultured cell models, solid nanoparticles, and larger particle
sizes (Table S1 and ref 29). In general, nonphagocytic cell types
display a preference for accumulating cationic nanoparticles.
However, the role of charge on phagocytic cell association has
been somewhat conﬂicting (summarized in Table S1). With the
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ubstantial gaps exist in our understanding of the factors
inﬂuencing nanoparticle association with human cells in
their natural environment. Hyperbranched polymers (HBP)
composed of poly(ethylene glycol) (PEG) are a tunable
nanomaterial that allows chemical linkage of multiple
therapeutics, imaging modalities, and/or targeting agents,
permitting various biomedical applications.1−5
Intravenous administration is often an appropriate route of
nanoparticle delivery. White blood cells (WBC) can clear,6,7
transport,8,9 or mount an immune response against nanomaterials.10,11 Understanding how HBPs and other nanoparticles
interact with components of whole human blood would
provide a ﬁrst step toward their improved use in human health
applications. Whole blood is composed of multiple cell
populations surrounded by over 3700 diﬀerent plasma
proteins12,13 and other biomolecules (including carbohydrates
and lipids). Various plasma components interact with the
chemical identity of nanoparticles, forming a corona and
imparting a “biological identity”. These commonly include
albumin, complement C3, IgG antibodies, and apolipoprotein
A-I.14 This biological identity forms immediately, alters with
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Figure 1. Production and characterization of HBPs. (A) Schematic of HBPs produced with diﬀerent end groups (R), which results in particles of
similar composition and size but varied charges. The hydrodynamic diameter (number-average) and charge were measured by dynamic light
scattering (DLS) and endotoxin levels measured using the Endosafe Portable Test System (Charles River). (B) The three diﬀerentially charged
HBPs were incubated for 1 h in fresh whole human blood or “washed blood” that had plasma replaced by PBS across six centrifugation steps. Cells
were phenotyped using ﬂuorescent monoclonal antibodies before cell association was examined by ﬂow cytometry. Note: cell size and compositions
are not to scale.

developed a truly comparative system for understanding the
direct eﬀect of charge on behavior upon interaction with blood.
HBPs were synthesized via reversible addition−fragmentation chain transfer (RAFT) polymerization, with prop-2-yn-1yl-4-cyano-4(((ethylthio)carbonothioyl)thio)pentanoate
(PCEPA) employed as the RAFT agent, using a method that
has been previously described.35,36 To facilitate analysis by ﬂow
cytometry, HBPs were ﬂuorescently labeled. A Cy5 methacrylamide monomer label was incorporated as an internal
monomer unitrather than through end-group modiﬁcation
to minimize its eﬀect on surface charge. The endotoxin-free
HBPs were ∼5 nm and incorporated diﬀerent monomer units
to generate neutral, cationic, and anionic nanomaterials (Figure
1A). HBP synthesis and characterization (Table S2) are
described in more detail in the Supporting Information.
HBPs were incubated with fresh human blood, and their
association with six separate WBC populations was studied by
ﬂow cytometry (Figure 1B). The gating strategy to

development of HBPs and other soft materials for clinical
applications, there is a need for comparative studies on how
charge inﬂuences the interaction of such materials with primary
human cells.
We and others have previously used ex vivo human blood
models to evaluate the interaction of nanoparticles with
primary cells in their biological milieu.19,30−32 However, the
investigation of nanoparticle charge on human blood cell
association has rarely been investigated beyond model 100 nm
styrene nanoparticles.33 Herein we extend this ﬁeld by
simultaneously studying ∼5 nm cationic, anionic, and neutral
HBPs, a wider array of human blood cell types, and investigate
the inﬂuence of autologous plasma proteins in deﬁning chargebased cell association patterns. As ultrasmall nanoparticles form
nonconventional coronas,34 it is conceivable that our HBPs
may behave diﬀerently from those previously studied.33 By
keeping other physical properties of the nanoparticles the same
(for example, initial size and cross-linker density), we have
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Figure 2. HBP surface charge dictates cellular association and uptake in whole human blood. HBPs labeled with Cy5 and with cationic (−NH2),
anionic (−COOH), or neutral zeta potentials were incubated in fresh blood for 1 h, at 37 °C. Association with primary blood cells was examined by
ﬂow cytometry and represented by a median ﬂuorescence index (MFI). (A) Representative gating tree and (B) ﬂow cytometry histograms of HBP
association with six major blood cell subsets. (C) Results of ﬁve separate human blood donors across independent experiments are shown.

with Baumann et al.33 who examined the association of charged
∼100 nm latex nanoparticles with a smaller subset of WBCs
and found a preferential association of phagocytic WBCs with
anionic nanoparticles compared with cationic counterparts.
The aﬃnity of cationic nanoparticles for cells can be
explained in large part by electrostatic eﬀects with the negative
membrane potential of cells. However, the phagocytic uptake of
nanoparticles is also inﬂuenced by opsonization and formation
of a protein corona.18 In general, nanoparticles with a net
cationic or anionic charge may adsorb more protein than
neutral nanoparticles that also display a reduced opsonization
rate.28,39,40 However, it was recently shown that ultrasmall (1−
3 nm) nanoparticles do not form conventional protein coronas,
as their size approaches that of the biomolecules themselves.34
As our 5 nm HBPs approach this size, it was important to
examine the role of the plasma protein corona. To analyze the
eﬀect of the protein corona, we developed a novel modiﬁcation
of our whole blood association assay by extensively washing the
blood with 16.7-fold (3 to 50 mL) then serial 6.7-fold (7.5 to
50 mL) excesses of PBS prior to adding HBPs. This process
virtually eliminated free supernatant proteins from blood cells
after 5−6 washes (Figure S1). We then utilized this washed
blood to examine the association of HBPs of diﬀerent charges
with WBCs alone (i.e., without plasma protein deposition on
HBPs) at 4 and 37 °C.
The interaction of charged HBPs with most cell types
increased at 4 °C when plasma proteins were not present
(Figure S2)particularly cationic HBPs, which may reﬂect a
reduced charge neutralization of HBPs by plasma proteins of

simultaneously study cells with phagocytic potential (granulocytes, monocytes, dendritic cells) and lymphocytes (T cells,
B cells, NK cells) is shown in Figure 2A. Histogram plots of a
single donor are shown in Figure 2B, and ﬁve separate blood
donors are summarized graphically in Figure 2C. Culturing
blood with HBPs at 4 °C resulted in an association of cationic
HBPs with the human blood phagocytic cell components
granulocytes, monocytes, and DCs (Figure 2C). Monocytes
had the strongest association, with more modest association
observed with granulocytes and dendritic cells. We also
observed association of cationic HBPs with B cells but not
NK or T cells. Association of cationic HBPs at 4 °C, where
there is an absence of biological processes, suggests direct
electrostatic association of HBPs with cell surfaces and/or
receptors. Otherwise identical anionic and neutral HBPs had
virtually no association with any cell type at 4 °C.
When anionic HBPs were incubated with human blood at 37
°C, we observed substantially increased association with
granulocytes (11.5×), monocytes (15.3×), and DCs (14.4×)
compared to what was observed at 4 °C. In contrast,
temperature made little impact on the association of cationic
or neutral HBPs with phagocytic blood cells. This suggests that
association with anionic HBPs requires biological processes and
is consistent with endocytic or phagocytic uptake, which are
absent at 4 °C.25,37,38 Overall, we ﬁnd granulocytes display a
preference for anionic HBPs, while monocytes and dendritic
cells associate with the charged HBPs to a similar level. We
observed only minor association of any of the three HBPs with
NK or T cells at 37 °C. These ﬁndings are largely in agreement
588

DOI: 10.1021/acsmacrolett.7b00229
ACS Macro Lett. 2017, 6, 586−592

Letter

ACS Macro Letters

Figure 3. Eliminating plasma proteins from blood increases association of charged HBPs with primary blood cells. Freshly drawn blood was washed
six times with PBS before incubating with HBPs for 1 h. Association was evaluated by ﬂow cytometry and displayed as median ﬂuorescence index
(MFI). (A) Representative histograms show association of neutral (green), cationic (orange), and anionic (blue) HBPs with plasma-eliminated
blood cells at 4 °C (left) or 37 °C (right). (B) Summary of cell association at 37 °C with cationic HBPs (left) and anionic HBPs (right). Individual
human donors represented by diﬀerent symbols (n = 5), and mean association represented by the horizontal bar. To facilitate comparison, HBP
association in fresh whole blood (from Figure 2) is included as 0 washes.

opposite charge. At 37 °C, we observed increased association of
cationic HBPs with all cell types, while anionic HBPs displayed
increased association with all cell types except NK cells (Figure
3). Interestingly, at 37 °C, discrete populations of B and T cells
demonstrated enhanced association with anionic HBPs. These
two populations did not map to diﬀerent forward/side scatters
and displayed similar levels of the surface markers in our
antibody panel (data not shown). In the absence of plasma
proteins, the preference of phagocytic cells (monocytes,
granulocytes, and dendritic cells) to associate with anionic
over cationic HBPs was ampliﬁed.
As with a previous report,41 nanoparticle−cell association
was greater in the absence of a protein corona. Interestingly, the
phagocytic aﬃnity for anionic HBPs was ampliﬁed. Increased
cell association was also observed after 3 washes when ∼0.1%

(0.04 ± 0.02 mg/mL) of plasma proteins remained (data not
shown). These ﬁndings have obvious implications for cell
association experiments performed in serum-free or reducedserum media (e.g., 10% FCS), which may overestimate
nanoparticle association with cells.
More importantly, these data indicate that charge−cell
association preferences are not solely dictated by plasma
protein deposition on HBPs. To our knowledge, this is the ﬁrst
report investigating the role of plasma proteins in mediating
charge-dependent cell interactions and suggests the preference
for phagocytic cells to associate with anionic HBPs is largely
independent of opsonins or other blood components. We
speculate the involvement of scavenger receptors, which
contain a charged lysine domain and have been implicated in
the uptake of anionic biomolecules and small nanoparticles.42
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Figure 4. Association of silica nanoparticles with primary immune cells is dictated by their charge, but displays a diﬀerent association pattern to
HBPs. (Left) Silica beads (50 nm) labeled with AF647 and with cationic (−NH2), anionic (−COOH), or neutral zeta potentials were incubated in
fresh blood for 1 h, at 37 °C. Association with primary blood cells was examined by ﬂow cytometry and represented by median ﬂuorescence index
(MFI). Negative MFI values set to 0. N = 6 healthy donors. (Right) For comparison, the association of HBPs (Figure 2) at 37 °C is displayed in the
same format.

(−COOH; −38.6 mV), and neutral charges (+0.1 mV)
(Nanocs INC, Boston). The association of silica50 with primary
blood cell subsets was again modulated signiﬁcantly by charge
(Figure 4, left). However, in contrast to HBPs (Figure 4, right),
neutral silica50 displayed high association with both phagocytic
and nonphagocytic cell subsets. Monocytes generally associated
with more anionic than cationic silica50, while dendritic cells
displayed the opposite pattern and associated with more
cationic than anionic silica50. Thus, the eﬀect of charge on

Future experiments blocking scavenger receptors on these
primary cells are warranted.
Neutrally charged PEG-based HBPs had negligible association with blood cells at both 4 and 37 °C, likely reﬂecting the
antifouling properties of their PEG composition. To assess
whether the immune cell association patterns we observed with
charged HBPs in whole blood were similar across nanoparticles
of other materials and sizes, we examined 50 nm silica beads
(silica 50 ) with positive (−NH2; +30.0 mV), negative
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nanoparticle−immune cell interactions is highly dependent on
the base nanoparticle material and/or size.
A notable feature of our experiments was the large variability
across diﬀerent human donors, reﬂecting the outbred nature of
humans. In assessing association with charged silica50 nanoparticles, two of six donors displayed particularly high
association of their granulocytes with anionic nanoparticles,
while the remaining donors displayed negligible association.
This highlights the need for studies in biologically relevant
conditions, as opposed to cell lines that are derived from a
single individual, when inferring principles of bionano
interaction. Further studies examining the source of interdonor
variability are warranted since understanding the sources of
interdonor variability may reveal clinically relevant principles of
bionano interaction.
As HBPs progress toward clinical use as imaging and drug
delivery agents, the ability to engineer HBPs with deﬁned
biological properties is increasingly important. Herein, we
described charge as a key physicochemical property of dyelabeled HBPs that dictates their interaction with distinct
primary cell subsets in human blood. While neutral HBPs avoid
cell association at physiological temperatures, HBPs with a net
charge demonstrate increased association with distinct cell
subsets. We also show that this property is material and/or size
dependent and, notably, not deﬁned by the plasma protein
corona. The inﬂuence of charge across small (<5 nm)
nanoparticles of diﬀerent sizes warrants further study, as
these may display diﬀerent dependencies on the protein
corona.34 Expanding these studies toward HBPs with contrast
agents and therapeutic cargoes is warranted. Overall, this
knowledge can be used in the rational design of future
nanomedicines that most safely and eﬀectively deliver nanoparticles to desired cell targets.
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