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a b s t r a c t

The in vivo circulation of hyperbranched polyglycerol (HPG) grafted red blood cells (RBCs) was investi-
gated in mice. The number of HPG molecules grafted per RBC was measured using tritium labeled HPGs
(3H-HPG) of different molecular weights; the values ranged from 1 � 105 to 2 � 106 molecules per RBC.
HPG-grafted RBCs were characterized in vitro by measuring the electrophoretic mobility, complement
mediated lysis, and osmotic fragility. Our results show that RBCs grafted with 1.5 � 105 HPG molecules
per RBC having molecular weights 20 and 60 kDa have similar characteristics as that of control RBCs. The
in vivo circulation of HPG-grafted RBCs was measured by a tail vain injection of 3H-HPG60K-RBC in mice.
The radioactivity of isolated RBCs, whole blood, plasma, different organs, urine and feces was evaluated
at different time intervals. The portion of 3H-HPG60K-RBC that survived the first day in mice (52%)
remained in circulation for 50 days. Minimal accumulation radioactivity in organs other than liver and
spleen was observed suggesting the normal clearance mechanism of modified RBCs. Animals gained
normal weights and no abnormalities observed in necropsy analysis. The stability of the ester-amide
linker between the RBC and HPG was evaluated by comparing the clearance rate of 3H-HPG60K-RBC
and PKH-26 lipid fluorescent membrane marker labeled HPG60K-RBCs. HPG modified RBCs combine the
many advantages of a dendritic polymer and RBCs, and hold great promise in systemic drug delivery and
other applications of functional RBC.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cell surface modification using hydrophilic polymers has a great
potential in tissue engineering, stem cell research and embryology
[1]. Functional cells have been investigated to control the host
immune response in cell and organ transplantation, to investigate
cellecell interaction and division, and to construct systemic and
targeted delivery vehicles of therapeutics to treat diseases such as
cancer, vascular occlusion, and HIV [2]. Pancreatic islet surface
modification has been investigated to eliminate immunogenicity by
grafting or coatingwith PEG polymers [3e6]. In a recent study, Islets
grafted with PEG have remained functional in vivo for 1 year when
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accompanied with the administration of low doses of cyclosporine,
an immuno-suppressant [5]. To investigate cellecell interaction and
differentiation, others have modified cell surfaces by introducing
lipid/PEG/oligoDNAor lipid/PEG/biotin on cell surfaces [1]. Cellecell
interaction was found to play a significant role in the stem cell
differentiation and embryonic development [7,8].

RBC modification is another active area of research with the
aims of developing universal blood donor cells and systemic and
targeted delivery vehicles for therapeutics [2]. Cell surface grafting
of polymers has been extensively investigated to protect major and
minor RBC surface antigens [9,10]. Techniques that are used to
modify the surface of RBCs with hydrophilic polymers include
covalent conjugation [10], adsorption [11], and electrostatic inter-
action [12]. In the case of RBC modification, covalent conjugation is
advantageous in terms of resisting degradation and transportation
stresses during the 120 day life span of human RBCs, during which
RBCs travel w250 km [2]. These methods have resulted in various
levels of antigen protection. In vivo studies using PEG-grafted RBCs
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Table 1
The physical properties of HPG polymers. HPGs are spherical molecules and they
were designed to have a reactive succinimidyl succinate (SS) binding group for every
20 nm2 of the surface area.

Polymers Mn

(KDa)a
Mw/Mn

a Rh
(nm)b

SA
(nm2)

OH groups SS groupsc

HPG20K 19.8 1.09 2.6 82.4 267 4
HPG60K 60 1.07 3.7 169.3 810 8
HPG 98K 98 1.09 4.3 232.40 1323 11

SA: surface area.
a Determined by GPC.
b Determined by PFG-NMR.
c Determined by 1H NMR.
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revealed that PEG-modified RBCs have normal circulation below
certain grafting concentrations [9,10]. However, no information is
currently available on the number of PEG molecules grafted or the
distribution or clearance of PEG-modified RBCs.

The very long life span (120 days in humans), participation in
biodistribution of molecules, the presence of a protective glyco-
calyx layer, and the natural mechanism of clearance from the body
have made RBCs an interesting vehicle for drug delivery [2]. Surface
modified RBCs have been used for the delivery of tissue plasmin-
ogen activator [13] and urokinase plasminogen activator [14].
Hypertonic encapsulation of drugs such as adenosine deaminase
[15], thymidine phosphorylase [16], and others in RBCs have
reached clinical trials.

All these reports show the potential of cell surface modification
tomanipulate interactions of cells with proteins, other cells or to be
used in drug delivery. Also, they substantiate the need for the
development of biologically friendly functional cell surface modi-
fication methods to achieve this goal. Towards this, we have
recently reported a method for the surface conjugation of func-
tional dendritic polymers on RBC surfaces to camouflage cell
surface antigens and to realize the full therapeutic potential of
surface modified RBCs [17,18]. Hyperbranched polyglycerol (HPG)
grafted RBCs showed excellent in vitro properties [18] and the
compact and functional nature of HPG has many advantages over
linear polymers.

Currently there is limited knowledge available on the amount of
polymer grafted (PEG or HPG) on the surface of RBCs other than the
solution concentrations used for the modification. Also, no data is
available on the clearance of modified RBC from circulation and the
biodistribution of polymermodified RBCs. Splenic macrophages are
the main homeostatic regulators of senescent red blood cells [19].
The liver and the rest of reticuendothelial system (RES) participate
to a lesser extent in the removal of senescent red blood cells [20,21].
As cells age, they undergo physiological changes that trigger the
in vivo death signaling pathways, the exact mechanism of which
remains not yet completely determined [22]. In the case ofmodified
red blood cells, high levels of modification with streptavidin/biotin
(260,000 molecules per RBC) have led to a rapid complement
mediated lysis in the circulation. With lower levels of modification
with streptavidin/biotin (90,000molecules per RBC), RBCswere not
cleared as rapidly, being removed by both complement mediated
lysis and opsonization of RBCs and their uptake byRESmacrophages
of the spleen and liver [23]. Red blood cells grafted with 13,400 and
27,000molecules of biotin per cell yielded functional RBCs that have
a life span of 50 days similar to control RBCs [24]. Whereas grafting
of 126,000 biotin molecules per RBC has caused a moderate
decrease in the circulation of functional RBCs [24].

In this manuscript, we report a method for measuring the
number of surface grafted HPG molecules per RBC using tritium
labeled HPG (3H-HPG) and the influence of grafting on both in vitro
properties and in vivo circulation. In vitro characteristics of HPG
modified human RBCs were investigated by measuring electro-
phoretic mobility, complement mediated lysis, and osmotic
fragility. The in vivo circulation and clearance of 3H-HPG-grafted
RBCs were investigated by injecting a single dose of 3H-HPG grafted
RBCs (mouse RBC) in mice, and measuring the radioactivity of
isolated RBCs from mice at different time intervals as well as the
radioactivity in plasma, whole blood, and organs that are respon-
sible for the removal of senescent RBCs. The clearance of 3H-HPG
from the systemwas investigated by isolating a group of animals in
ametabolic cage andmeasuring the radioactivity of urine and feces,
and other organs in which polymer accumulation is likely. The
stability of the HPG-RBC linker was investigated by comparing the
circulation of 3H-HPG-grafted RBCs to the circulation of membrane
labeled HPG-grafted RBCs.
2. Materials and methods

Chemicals and solvents used in polymer synthesis and modification including
glycidol, potassium methylate, 1,4- dioxane, succinic anhydride, 4- dimethylami-
nopyridine, N,N0-diisopropylcarbodiimide and N-hydroxysuccinimide (NHS), pyri-
dine, dimethyl formamide, methanol, and acetone were purchased from Sigma
Aldrich (ON, Canada). Trimethylolpropane (TMP) was obtained from Fluka (ON,
Canada). All the reagents were used without purification unless mentioned. Glycidol
was distilled and dried prior to use. Amberlite IR120 H-ion-exchange resin was
purchased from Sigma Aldrich. Cellulose ester dialysis membranes were obtained
from Spectra/Por Biotech (CA, USA). Slide-A-Lyzer Dialysis Cassettes were purchased
from Thermo Scientific (IL, USA). Hydrogen peroxide (30%) was purchased from
Fisher Scientific (NY, USA). Tissue solubilizer protosol was purchased from New
England Nuclear, and Atomlight scintillation cocktail was purchased from Perkin
Elmer (MA, USA). PKH-26 Fluorescent cell lipid membrane marker was purchased
from Sigma Aldrich (ON, Canada).

The molecular weights of polymers were determined by gel permeation chro-
matography (GPC) using DAWN-EOS multi-angle laser light scattering and Optilab
refractive index detectors (Wyatt Technology Inc., USA) in aqueous 0.1N NaNO3

solution. A value of 0.120 for dn/dc for HPG was used for molecular weight deter-
mination [25]. 1H NMR analysis was performed on a 300 MHz Bruker Avance using
20 mg/mL deuterated solutions of polymer at room temperature.

2.1. HPG synthesis and functionalization

HPG was synthesized by ring opening multi-branching anionic polymerization
of glycidol [25,26]. The obtained polymer was precipitated in acetone and was
dialyzed against water for 3e4 days (3.5e5 kDa MWCO cellulose membrane) with
twice daily changes in water. The polymer was recovered by lyophilization. The
purified polymer (Mn �45, 000 g/mol andMw/Mn - 1.6) was fractionally precipitated
from methanol into acetone to obtain different molecular weight HPGs (Table 1).
Fractionated HPGs were dialyzed to remove the residual solvents and lyophilized.

2.2. Synthesis of succinimidyl succinate functionalized HPGs

The measured hydrodynamic size of the HPG was used for the estimation of the
effective molecular surface area as HPGs have a globular structure [25]. Accordingly,
different molecular weights HPG were functionalized to have one succinimildyl
succinate (SS) binding groups on every 20 nm2 of the surface area (Table 1). Poly-
mers were acid-functionalized initially by succinic anhydride according to a proce-
dure modified from Rossi et al. [18] and Ye et al. [27]. For a typical reaction,
lyophilized HPG60K (0.5 g, 0.0083 mmol) was placed in a round bottom flask and
dried overnight under vacuum at 90 �C. Dried HPG was dissolved in dry pyridine
(3 mL) and a catalytic amount of dimethylaminopyridine (one drop of 5 mg/mL
solution in pyridine) was added. To this mixture, succinic anhydride (0.0067 g,
0.0664 mmol) dissolved in 0.5 mL pyridine was added drop wise over 10 min. The
mixture was stirred overnight at room temperature under argon atmosphere. The
polymer solution was precipitated in 40 mL of cold acetone in a 50 mL centrifuge
tube, and centrifuged using a Beckman J2-MC centrifuge at 27,000 � g for 15 min.
The solvent was decanted, and the residual acetone was removed by flushing with
argon. To activate the carboxyl groups with SS groups, the acid-functionalized
polymer was dissolved in 3 mL of anhydrous DMF. N-hydroxysuccinimide
(0.0077 g, 0.0664mmol) and N,N0-diisopropylcarbodiimide (0.0084 g, 0.0664mmol)
were added to the polymer solution and the mixture was stirred overnight at room
temperature under argon. Succinimidyl succinate functionalized HPG was purified
by precipitation in acetone as before. The purity of synthesized polymers and the
degree of acid and SS functionalization were determined by NMR analysis.

1H NMR of HPG: (300 MHZ, d-D2O, ppm) d: 3.25e4.0 (m, HPG backbone
eCH2Oe, -eCHOe).

1H NMR of carboxylated HPG: (300 MHZ, d-MeOD, ppm) d: 3.40e4.30 (m, HPG
backbone eCH2Oe, eCHOe), 2.64 (s, eCO2CH2CH2CO2e).

1H NMR of SS-HPG: (300 MHZ, d-MeOD, ppm) d: 3.40e4.30 (m, HPG backbone
eCH2Oe, eCHOe), 2.87 (s, COCH2CH2CO, ppm), 2.8 and 3 (s, CO2CH2CH2CO2, ppm).
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2.3. Radio-labeling of HPGs (3H-HPGs)

A typical example is given. Lyophilized HPG60K (900 mg) was placed in a 25 mL
round bottom flask and dried in an oil bath heated to 90e95 �C overnight in
a vacuum line. The dried polymer was dissolved in 4.5 mL of N-methylpyrolidone,
and sodium hydride (27 mg) was added to deprotonate approximately 10% of the
hydroxyl groups; the mixture was stirred for 2 h. Tritium labeled methyl iodide
(C3H3I) (0.0044 g, 0.031 mmol, 6.82 � 109 DPM) diluted in DMSO (3 mL), was added
to methylate less than 1% of hydroxyl groups of HPG. The reaction was continued at
room temperature for 24 h. After methylation, water (4.5 mL) was added and the
mixture was placed in a 2000 MWCO dialysis cassette using a syringe. The polymer
was dialyzed for 3 days to remove unreacted reagents. The radioactivity of the
polymer solution and the volume was measured. The solution was lyophilized and
dried. The specific activity is determined from these values (Table 2). Approximately
6% of the HPG was lost during the reaction and dialysis steps. Similar procedure was
used for HPG20K and HPG98K. The acid functionalization and NHS activation of 3H-
HPGs were performed similar to cold HPGs given in section 2.2. Approximately
20e25% of polymers were lost during these steps.

2.4. Determination of hydrodynamic radius using the pulsed-field gradient NMR
(PFG-NMR)

PFG-NMR experiments were performed using a Bruker Avance 400-MHZ spec-
trometer at 298 K, using D2O as a solvent. T1 spin/lattice relaxation, P1 (90� pulse),
d (the width of a bipolar pair), and D (the diffusion time) were optimized, and the
data was acquired using Ledbpgp2s, a pulse program developed by Bruker. The
gradient strength (G) was varied from 1 to 32 G/cm in 16 steps. Each of the free
induction decays was averaged over 8 scans, using 4 dummy scans. The diffusion
coefficient was extracted using XWINNMR-3 software, by performing a non-linear
square curve fitting to the relationship between echo attenuation and pulse field
gradient, given by the following equation [28,29]:

ln
�
A
A0

�
¼ �D

�
g2G2d2

�
D� d

3

��

The hydrodynamic radius was calculated using the Stock’s equation. For HPG,
attenuation of ether backbone signals, located between 3.3 and 3.95 ppmwere used
to estimate the diffusion coefficient.

2.5. HPG grafting to red blood cells

Whole blood was collected from consented healthy human donors into citrate
vacutainer tubes and centrifuged at 1000 � g for 4 min. The protocol was approved
by University of British Columbia Clinical ethical committee. The supernatant con-
taining plasma along with the buffy coat (intermediate layer containing white blood
cells and platelets) were removed using a Pasteur pipette. RBCs were washed three
times with saline and suspended in PBS buffer (pH 8). Immediately after precipi-
tation (see Section 2.2), 100 mg of HPG60K was dissolved in 120 mL of PBS buffer. In
a typical reaction to obtain 1 mM of HPG60K graft concentration, 88 mL of HPG60K
solutionwas added to the RBC suspension to obtain a final volume of 650 mL and 20%
hematocrit. The suspension was vortexed gently and placed on an orbital shaker at
room temperature for 1 h. Cells were washed twice with PBS buffer and once with
saline, and suspended in saline to obtain 20% hematocrit. HPG-grafted RBCs were
characterized by measuring electrophoretic mobility, complement mediated lysis,
and osmotic fragility.

2.6. In vitro characterization of HPG-grafted RBCs

2.6.1. Electrophoretic mobility
Electrophoretic mobility experiments were performed using the Rank Brothers

Mark I Electrophoresis apparatus (Rank Brothers, Bottisham, UK). A drop of 20%
hematocrit RBC suspension was diluted in 10 mL saline (0.15 M, PH 7.4) and the
velocity of individual cells located in the stationary region was measured at
a constant applied voltage [18]. Electrophoretic mobility was calculated using the
following equation:

EM ¼ y� L
V

Table 2
Specific activity and percent of HPGs covalently linked to RBCs at different graft polym
tritium labeled by partial methylation (w0.5%) of hydroxyl groups that were reacted wit

Polymers Specific activity Percent polymer grafte

DPM/g 0.5 mM

HPG20K 1.18 � 109 0.54 � 0.05
HPG60K 2.33 � 109 0.51 � 0.05
HPG98K 1.16 � 109 0.35 � 0.02
HPG60Ka 1.82 � 109 0.39 � 0.01

a Mouse RBCs, used for in vivo study.
Where, y is the velocity of individual cells, V is the applied voltage (40.5 V), and L is
the effective electrical length of the chamber. At least 10 individual cells were
selected randomly and their velocity was measured, results were presented as the
mean � standard deviation.

2.6.2. Complement mediated lysis
Fresh serum was prepared by collecting the whole blood from healthy human

volunteers in serum tubes and allowing the blood to clot at room temperature for
30 min. The tube was then centrifuged at 2000 � g for 2 min and the serum was
collected. To prepare the heat inactivated serum, the serum was placed in a water
bath at 60 �C for 30min. Complement mediated lysis was evaluated by exposing 20%
hematocrit HPG modified RBCs in 50% fresh autologous serum for 1 h at 37 �C. To
quantify the amount of cells lysed as a result of exposure to autologous or heat
inactivated serum, the cell suspension and supernatant were treated separately with
Drabkin’s reagent and the amount of hemoglobin was quantified. Briefly, 5.9 mL of
20% hematocrit cell mixture was placed in a 96 well plate and 294 mL of Drabkin’s
reagent was added, and mixed. To determine the amount of hemoglobin in the
supernatant, the cell suspensionwas centrifuged at 13000� g for 1 min and 50 mL of
the supernatant was placed in each well of a 96 well plate, and 250 mL of Drabkin’s
reagent was added and mixed. The absorbance of the hemoglobin cyanoderivative
was determined in triplicate at 540 nm using SPECTRA MAX 190 plate reader. The
percent of lysed cells was determined as the ratio of the hemoglobin concentration
in the supernatant to the total hemoglobin concentration in cell suspension.

2.6.3. Osmotic fragility
The osmotic fragility of HPG-grafted RBCs was measured immediately after

polymer grafting and after one day following a procedure reported previously [18].

2.7. Quantification of HPG grafting on red blood cells

2.7.1. 3H-HPG grafting to red blood cells
A similar procedure described in Section 2.5 was used for grating 3H-HPGs to red

blood cells. 3H-HPG20K, 3H-HPG60K and 3H-HPG98K were used at different
concentrations.

2.7.2. Red blood cell digestion protocol for radioactivity measurements
3H-HPG-modifed RBCs were digested to determine the activity associated with

the RBCs. A modified version of the reported procedure [11]. Protosol (0.5 mL) and
absolute ethanol (0.5 mL) were added to 10e100 mg of packed RBCs in eppendrof
tube. The mixture was heated in a water bath at 60 �C for 1 h. The vials were cooled
on ice and 0.5 mL of 30% of hydrogen peroxide was added to bleach the green color
formed during the previous step. After 10e15 min, vials were placed at 60 �C for
additional 60 min. Five hundred microliters of 0.5 M HCl, and 15 mL of scintillation
fluid was added, and the activity was measured using Packard TRI-CARB 2100-TR
liquid scintillation analyzer.

2.7.3. Determination of number of HPG molecules grafted onto RBC surface
The number of HPG molecules covalently grafted to RBC was quantified by

comparing the activity of 3H-HPG-grafted RBCs to the specific activity of HPG
polymers (Table 2). The loss in HPG activity due to color quenching was ignored in
the analysis. It was found that 80 mL of packed red blood cells incorporates less than
2% error in HPG activity evaluation due to color quenching (Fig. 1S). Furthermore,
considering the narrow polydispersity index of prepared HPG polymers, it was
assumed that the molecular weight and specific activity did not change during the
synthesis and purification steps.

2.8. In vivo studies of HPG-grafted RBCs

3H-HPG60K grafted mouse red blood cells were used for the studies. Study
protocols were approved by University of British Columbia animal ethics committee.

2.8.1. Study protocol
Balb/c strain mice in the weight range 20e26 g were used in this study. On 0th

day of the study, eighteen mice were terminated by CO2 asphyxiation. Upon last
breath, mice were removed from the inhalation chamber and approximately
500e700 mL of blood was collected from each mouse by cardiac puncture in heparin
er solutions concentrations. HPG polymers with different molecular weights were
h 3H-methyl iodide.

d to H-RBCs [%]

1.0 mM 1.5 mM 3 mM

0.55 � 0.05 0.48 � 0.12 0.52 � 0.05
0.42 � 0.04 0.45 � 0.05 N/A
0.54 � 0.07 0.65 � 0.06 1.16 � 0.13
N/A N/A N/A
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anticoagulant solution (20 U/mL) and the blood was pooled. Mouse whole blood
(9 mL) was spun for 6 min at 1000 � g, and the RBCs were separated. RBCs were
washed 3 times with saline andwere suspended in a 50mL Falcon tube in PBS buffer
at pH 8. Tritium labeled NHS ester activated 3H-HPG60K was dissolved in PBS buffer
to obtain a grafting concentration of 0.5 mM, and was added to RBC suspension (20%
hematocrit). To insure sterility, the experiment was conducted in a biological safety
cabinet using sterile materials and containers. After the addition of HPG, the Falcon
tube was placed on an orbital shaker, and the experiment was conducted at room
temperature for 1 h 3H-HPG-grafted RBCs were washed with saline three times to
remove unreacted polymer. The radioactivity of the wash buffer was measured to
insure the removal of unreacted polymer from RBC suspension. After the last wash
3H-HPG60K grafted mouse RBCs were suspended in PBS buffer (pH ¼ 7.4) to obtain
50% hematocrit and injected in the tail vein of mice at a dose of 200 mL per 20 g of
mouse.

2.8.2. Data collection
On days 1, 2, 3, 5, 10, 20, 30, and 50, three mice from each group were

terminated and blood was collected via cardiac puncture. The radioactivity in
whole blood, plasma and washed RBCs were measured. Upon termination, the
liver, spleen, lung, kidney and heart were removed, weighed and processed for
scintillation counting to evaluate the accumulation of HPG. Liver was homogenized
to obtain 20% homogenate in water using a Polytron tissue homogenizer. Aliquots
of 200 mL of homogenate were transferred for scintillation counting. Other organs
were digested and analyzed using a protocol similar to the RBC digestion protocol
described earlier.

The group of animals that were sacrificed on day 10 were initially placed in
a metabolic cage. The urine and feces of these animals were collected and pooled
on days 1, 2, 3, (4 and 5), and on days 6 through 10 to measure the radioactivity
excreted through urine and feces. From 500 mL of whole blood collected from each
mouse, 100 mL was digested, and was used to measure the activity in whole blood.
The remaining blood was centrifuged to separate RBCs from plasma. The radio-
activity of plasma was evaluated by measuring the activity in 50 mL in triplicates.
The RBCs were washed three times with 5 mL saline and divided into 3 parts,
digested using a similar protocol described in section 2.7 and the radioactivity was
measured.

2.8.3. Labeling RBCs with PKH-26 lipid marker
Washed packed mouse RBCs (1 mL) were suspended in Diluent C (5 mL),

a component of the PKH-26 kit. PKH-26 (1 mM, 25 mL) was diluted in Diluent C
(5 mL). Diluted PKH-26 was added to the cell suspension, while mixing gently in
a vortex. The labeling reaction was performed on an orbital shaker at room
temperature in dark for 4 min. To terminate the labeling reaction, saline solution
(11 mL) supplemented with 1% BSA was added and mixed gently. The mixture was
spun for 6 min at 1100 � g, cells were removed and washed three times with
saline. PKH-26 labeled RBCs were divided into two parts, the first part was used as
a control, and the second part was treated with 0.5 mM of succinimidyl succinate
functionalized HPG60K in the presence of 7.5 mM of HPG33K neutral additive
polymer that enhances the binding efficiency of HPG to RBC [17]. HPG-grafted PKH-
26 labeled RBCs were washed 3 times with saline to remove non-grafted HPGs. On
days 1, 2, 3, 7, 9, 14, 16, 21, 23, 28, 30, 35, 37 and 44, mice were weighed and 15 mL
of blood from each mice in each group was collected in heparin anticoagulant
solution (2 U/mL) by saphenous vein collection. Collected blood was diluted in
0.5 mL saline and analyzed using flow cytometry. Ten thousand events were
acquired on the RBC gate, the percentage of green events and mean green intensity
measured.

2.9. Statistics

All the data are presented as mean � standard deviation unless otherwise
mentioned. Unless mentioned, one-way ANOVA test was performed with Tuckey
analysis using Origin 7.0. Paired comparisons were considered significant if p< 0.05.

3. Results

3.1. HPG grafting to RBCs

HPGs with three different molecular weights were synthesized
and covalently linked to primary amines on lysine residues of
proteins on the surface of RBCs using an ester-amide linker (Fig. 1).
The polydispersities of the HPGs used were less than 1.1 (Table 1).
The hydrodynamic sizes of the HPG20K and HPG60K as determined
by PFG-NMR were less that of the reported thickness of the gly-
cocalyx of RBCs (7.5e7.8 nm) [30,31](Table 1). Since HPGs are
reported to have a globular structure in aqueous solution [25], the
following criterion was used for the modification of hydroxyl
groups with succinimidyl succinate (SS) groups to generate
comparable surface binding activities. All three HPG molecules
were functionalized so that on average each SS group is present per
w20 nm2 of the surface of HPG. Based on this, we synthesized
HPG20K, HPG60K, and HPG 98 K with 4, 8 and 11 SS groups
respectively (Table 1). The numbers of SS groups was determined
from the intensity of the SSmethylene signal at 2.41 ppm relative to
the intensity of methylene and methine signals of the ether back-
bone of HPG at 3.25e4.1 ppm from 1H NMR analysis [18]. The
variation in the target number of carboxyl units was less than 10%.
The number of hydroxyl groups in each polymer was assumed to be
equal to the degree of polymerization, calculated by dividing the
number average molecular weight obtained from GPC with the
molecular weight of glycidol (Table 1) [25,26]. Only a small fraction
of hydroxyl groups was functionalized with SS groups; 1.5% in
HPG20K and less than 1% in HPG60K and HPG98K.
3.2. Determination of the number of HPG molecules attached to
RBC

The number of HPG molecules covalently grafted to human RBC
was quantified from the specific activity of tritium labeled HPGs
and the activity of 3H-HPG grafted RBCs. To avoid donor variability,
a single male donor was used for this experiment. The effects of
molecular weights of the HPGs and polymer concentration on the
number of HPG molecules grafted were investigated. Results are
given in Fig. 2. The concentration givenwas for the polymer present
in the grafting solution. The average numbers of covalently bound
HPGs to RBC with grafting concentrationwere linear in the range of
0.5e3 mM for HPG20K, and 0.5e1.5 mM for HPG60K. In the case of
HPG98K, it was linear between 0.5 and 1.5 mM, but increased
significantly at grafting concentration of 3 mM (Fig. 2).

The average number of HPGs grafted on RBCs was increased for
the highest molecular weight at relatively high grafting concen-
trations. When RBCs were treated with 3 mM solution of HPG20K,
(9.53 � 0.93) � 105 molecules were attached per RBC, compared to
(2.15 � 0.25) � 106 for HPG98K (Fig. 2). Below 1.5 mM grafting
concentration, there was not much dependence of the molecular
weights of the HPG on the number molecules grafted. These results
were quite different from the solid surface grafting of linear poly-
mers where the number of molecules grafted decreased almost
exponentially with molecular weight of the chains [32] and is
opposite to trend obtained in the adsorption of alkylated HPGs on
RBCs [11]. The increase in the number of molecules grafted with
increasing concentration may be due to enhanced cell surface
grafting in presence of concentrated polymer solutions reported
recently [17]. The amount of polymer present at 3.0 mM concen-
tration for 98 K is more than 4 times compared to 20 K, so the
grafting enhancement is more for 98 K HPG.

The percent of HPG molecules covalently linked to RBCs with
respect to the total amount added was determined from the ratio of
the activity of 3H-HPG grafted RBCs to the activity of the polymer
added to react with RBCs (Table 2). The activity of added polymer
was calculated from the amount of added polymer and its specific
activity. The percent of grafted polymer on RBC was very low
around 0.5% in the linear grafting region, and it was 1.2% at grafting
concentration of 3 mM in the case of HPG98K (Table 2).
3.3. In vitro characterization of HPG-grafted RBC

In order to determine the potential for in vivo survival of HPG-
grafted RBCs, modified cells with different HPG molecular
weights and graft concentrations were characterized by measuring
the electrophoretic mobility, complement mediated lysis, and
osmotic fragility.



Fig. 1. Red blood cell surface modification by covalent attachment of globular hyperbranched polyglycerol polymers to surface proteins using an ester-amide linker.
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3.3.1. Electrophoretic mobility (EPM)
Electrophoretic mobility of RBCs is governed by the surface

charge density due to presence of negatively charged sialic acid on
the surface, and by the hydrodynamic flow in the region of the
double layer [31,33]. Surface charge density is a significant indicator
of proper function of RBCs [34]. For example, RBCs that are deficient
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in glycophorin A and B that provide rich sialic acid structures to the
RBC membrane are subject to agglutination and short circulation
[35]. Results from EPM experiments indicated that HPG-grafted
RBCs have reduced electrophoretic mobility (Fig. 3). The reduc-
tion in EPM with concentration appeared exponential, faster
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Fig. 4. A) Effect of molecular weight and polymer concentration on the lysis of HPG-
grafted RBCs in 50% heat inactivated serum, treated for 1 h at room temperature. B)
Effect of molecular weight and polymer concentration on the lysis of HPG-grafted RBCs
in 50% fresh autologous serum, treated for 1 h at room temperature. C) Images of HPG
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initially, and it became slower with increase in number of HPG-
grafted molecules. The grafting of high molecular weight HPG
decreased EPM more than the low molecular weight HPGs even
though the numbers of molecules grafted per RBCs were similar
(Figs. 2 and 3). This data suggest that drag exerted by high molec-
ular weight HPG is higher than low molecular weight HPG as
expected.

3.3.2. Complement mediated lysis of HPG-grafted RBCs
Introducing new materials to cells and biological surfaces

renders them foreign and subject to immune systemmediated lysis
and clearance [23]. To investigate whether HPG-grafted RBCs are
subject to complement mediated lysis, cells were treated with
human autologous serum and heat inactivated serum and percent
of lysed RBCs were determined.

RBCs grafted with HPG20K and HPG60K underwent no or very
little lysis in heat inactivated serum at grafting concentrations of
0.5, 1.5, and 3 mM, where up to 800,000 HPG molecules were
attached. RBCs grafted with larger HPG98K lysed at slightly greater
percent, 2.9� 0.17% at grafting concentration of 1.5 and 2.9� 0.06%
at grafting concentration 3 mM, compared to 1.1 � 0.13% of control
RBCs.

In autologous human serum, a different lysis behavior was
observed. In the case of HPG20K, lysis in autologous serum was
similar to lysis in heat inactivated serum, where no or very little
lysis was observed in all three polymer grafting concentrations (0.5,
1.5, and 3) mM, where up to (9.53 � 0.93) � 105 molecules were
grafted. Similarly to HPG20K, HPG60K and HPG98K lysed to at most
a modest amount more than the control, when the grafting
concentration was 0.5 and 1.5 mM. At grafting concentration of
3 mM, however, HPG60K and HPG98K-grafted RBCs underwent
significant lysis, possibly the result of complement mediated lysis;
15.5 � 4.7% of HPG60K grafted RBC, and 29.7 � 0.05% of HPG98K-
grafted RBCs were lysed (Fig. 4B). The supernatant of the grafted
RBCs treated with serum was red at 3 mM graft concentration for
both HPG60K and HPG98K (Fig. 4C).

Our group has reported that RBCs functionalized with HPG26K
(4.8 mM) undergo only 0.5% lysis in autologous serum [18]. Similar
results were found in the current study with the smallest HPG
molecule; red blood cells grafted with (9.53 � 0.93) � 105 mole-
cules of HPG20K underwent 2.1% lysis when treated with autolo-
gous serum. However, unlike HPG20K, red blood cells
functionalized with larger HPG molecules were susceptible to
significant complement mediated lysis when they were grafted
with similar numbers of HPG molecules (Fig. 4B), suggesting an
importance of the molecular size.

3.3.3. Osmotic fragility of HPG-grafted RBCs
The osmotic fragility experiment indicates whether mechan-

ical properties and deformability of RBC membrane has been
compromised as a result of HPG grafting. In this experiment
modified RBCs are exposed to deformation stress by treating with
different concentrations of NaCl, and quantifying percent of lysed
cells. Osmotic fragility experiments indicated that molecular size
and number of HPG molecules grafted to RBC play significant role
in modifying the membrane mechanical properties of RBCs. For
example grafting of 6.4 � 10�6 ng of HPG20K per RBC (1.67 � 105

molecules) and 13 � 10�6 ng of HPG60K per RBC (1.57 � 105

molecules) did not alter RBC membrane properties whereas
grafted RBCs in 50% heat fresh autologous serum treated for 1 h at room temperature. *
indicates to samples that are statistically different from the control, ** indicates to
samples that are statistically different from the previous concentration of the same
molecular weight.
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grafting of 17.3 � 10�6 ng of HPG98K per RBC (1.06 � 105

molecules) altered RBC membrane properties (Fig. 5 and
Table 1S), suggesting that the weight of the molecules grafted is
altering membrane stability. However, data from heavily grafted
low molecular weight HPG (12.9 � 10�6 ng) of HPG20K
(3.37 � 105 molecules) and high molecular weight HPG60K
(13 � 10�6 ng grafted; 1.57 � 105 molecules) suggest that over
grafting is more damaging than the weight of the HPG grafted
(Table 1S). The weight of HPGs grafted to RBC is presented in
Table 2S.
4. In vivo circulation and clearance of 3H-HPG-grafted
erythrocytes

After the in vitro analysis, HPG60K at 0.5 mM grafting concen-
tration was selected for the in vivo survival studies. The radioac-
tivity of mouse RBCs grafted at 0.5 mM grafting concentration of
3H-HPG60Kwas slightly lower than that of the human RBCs grafted
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injected dose calculations assumed mice with w2.5 g of blood.
at similar polymer concentration, indicating that human RBC were
slightly more functionalized (Table 2). Injected 3H-HPG60K-RBCs
were diluted around 10 times when injected at a dose of 200 ml/
20 g. A significant amount of 3H-HPG60K-RBC was removed from
circulation at day 1 (48.6 � 4.5% of injected dose). The remaining
3H-HPG-RBC circulated for more than 50 days similar to the life
span of normal mouse RBCs (50 days) [10]. At day 50, 6.1 � 1.9% of
3H-HPG-RBCs were still present in circulation. The initial fast
clearance is most probably due to the removal of senescent RBCs
and cells that were damaged cells during the modification. Modi-
fied cells that remained in circulation after day 1 showed no
appreciable lysis or stability issues and behaved similarly to
unmodified RBCs. The presence of radioactivity associated with the
isolated washed RBCs following the i.v. injection of 3H-HPG60K at
different post-injection days (up to 50 days) indicated (Fig. 6) that
3H-HPG grafted to RBCs are stable. We have previously shown that
unmodified HPGs have a minimal absorption on the surface of
human RBCs and the current data support the stability of the
covalent conjugation [11]. The amount of radioactivity detected in
whole blood and in plasma is presented in Fig. 7. Values are pre-
sented as mg of 3H-HPG60K per RBC, and as a percent of the injected
dose, calculated assuming 2.5 g of blood is present in mice [36]. The
percent of radioactivity detected in whole blood was slightly
greater than the percent activity detected in RBCs (Figs. 6 and 7).
The difference is due to the presence of radioactivity in the plasma
(Fig. 7). To investigate whether the degradation of the ester-amide
linker and the shedding of 3H-HPGs have contributed to radioac-
tivity of plasma, the circulation of 3H-HPG60K-RBC was compared
to the circulation of HPG grafted to PKH-26 membrane labeled
RBCs.
4.1. The stability of ester-amide linker in circulation

The in vivo circulation of membrane labeled HPG-grafted RBCs
showed a similar profile to RBCs carrying radiolabeled HPGs (Fig. 8).
After an initial rapid clearance of some of the HPG-grafted cells
(w45%), the remaining modified RBCs circulated for 50 days in
a pseudo linear fashion similar to normal mice RBCs [9]. The results
suggest that HPGs and RBCs from HPG-RBCs in this cohort were
cleared from circulation together and there was no independent
clearance of each fraction. The results also indicate that the ester-
amide linker between HPG and RBC is stable in circulation and
initial rapid decrease and subsequent slow clearance of 3H-
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HPG60K-RBC (Fig. 6) is due only to natural clearance of RBCs and
not due to the cleavage of HPGs from RBCs.
4.2. Biodistribution

Upon termination, the spleen, liver, lungs, kidneys, and heart
from mice were removed, weighed, and digested for radioactivity
measurements. The data was not corrected for the residual plasma
and red blood cells present in these organs.

The highest radioactivity was detected in the spleen and liver,
the organs responsible for the removal of senescent blood cells. The
amounts of radioactivity detected in the spleen and liver, calculated
as a percent of the injected dose at various time points, are pre-
sented in Fig. 9; 18.2� 1.4% of the injected dose was detected in the
spleen and 10.8 � 1.9% of injected dose was detected in the liver at
day 1. The activity detected in the liver decreased and remained
constant after day 10, being 5.5 � 0.7% of injected dose at day 50.
The activity detected in the spleen was at the highest at day 3
(21% � 1.9 of injected dose) and decreased with time, being
5.3 � 0.5% of injected dose at day 50 (Fig. 9).

The activity detected in other organs was significantly lower
than the activity detected in the spleen and liver. The activity in all
tested organs decreased with respect to time, the activity in the
lungs and kidney was around 3% of the injected dose at day 50, and
it was 1% of the injected dose in the heart (Fig. 7). The amount of
3H-HPG detected in kidneys was around 5% initially, and it was
3 � 0.3% at day 50 of the study. The comparable hydrodynamic size
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of HPG60K (3.7 nm) to the effective glomerular filter pore size
(3.7e3.8 nm) [37,38], likely prevented the accumulation of HPGs in
the kidneys. The stability of 3H-HPG on the surface of RBCs (Fig. 8),
the low activity in plasma (Fig. 7), and high activity detected in RBC
removing organs (Fig. 9) suggest the normal clearance of the HPG-
grafted RBCs. The removal of 3H-HPG60K through urine and feces
was investigated by locating a group of animals in a metabolic cage,
and analyzing the radioactivity of urine and feces collected at
various time points (Table 3). An equal amount of activity was
removed from urine and feces at day 1 (w3% of the injected dose).
During the first 10 days, 2 times more activity was removed
through feces (25.3% of the injected dose) compared to the urine
(12% of the injected dose).

A normal weight gainwas observed in recipient mice during the
study (Fig. 1S, supporting information). No abnormalities were
observed in the necropsy analysis of thymus, spleen, and different
nodes such as the pancreatic, renal brachial and others, when mice
were terminated on day 50.
5. Discussion

The number of HPGmolecules covalently grafted to RBCs ranged
from 1 � 105 to 2 � 106 molecules/RBC (Fig. 2). Regardless of the
molecular weight of grafted HPGs, a comparable number of mole-
cules were attached to RBCs at low grafting concentrations (Fig. 2).
This indicates that HPGs with different hydrodynamic sizes have
comparable binding activity when the numbers of surface binding
units were normalizedwith respect to the surface area. The number
of polymer molecules grafted to RBCs in this study was comparable
Table 3
Amount of 3H-HPG (% injected dose) released through urine and feces of animals
located in a metabolic cage.

Days HPG in urine [%] HPG in feces [%]

1 3.12 3.2
2 0.81 2.7
3 0.45 2.3
5 0.29 5.2
10 7.3 11.9

Error bars are not provided since urine and feces of three animals located together in
a metabolic cage were collected and analysed.
to the number of biotin molecules covalently grafted per RBC
(1.26 � 105) [24] or to the number of streptavidin/biotin molecules
grafted per RBC (5 � 105) [23].

Being hydrophilic, only a small fraction of HPG molecules were
covalently linked to the surface of RBCs in spite of its large solution
concentration. The percent grafted was generally around 0.5%, and
it was 1.2% of total amount added in the case of viscous, high
molecular weight HPG98K (Table 2). A similar phenomenon of
enhanced grafting in the presence of viscous polymer solution was
reported by Rossi et al. [17].

The in vitro HPG-RBC characterization experiments indicated
that the size and the number of grafted molecules are important
parameters to be considered when designing long circulating HPG-
RBC functional RBCs. HPGs with smaller hydrodynamic size cause
less alteration to RBCmembranemechanical properties, and trigger
minimum complement activation. The smaller HPGmolecules have
a hydrodynamic size less than the thickness of the glycocalyx
(w7.5e7.8 nm [30,31]), and are possibly grafted within the hairy
glycocalyx, thus reducing the interaction of HPGs with biological
surfaces. Importantly smaller HPGs have significantly lower
content of hydroxyl groups per molecule which could play
a significant role in reducing complement activation (Table 1). It
was shown that polymers such as dextran and PVA with large
number of hydroxyl groups activate the complement systemwhen
bound to surfaces [39]. HPG20K triggered minimal complement
activation at grafting concentration of 3 mM, despite introducing
mechanical changes to the cell membrane (Table 2S). HPG60K, on
the other hand, caused significant complement mediated lysis at
3 mM as well as causing comparable mechanical changes to that of
HPG20K (Table 1S). Thus, the greater number of hydroxyl groups in
HPG60K and HPG98K and the large hydrodynamic size may have
played a role in complement activation. In vivo, however, the
survival of polymer grafted RBCs is contingent on the availability of
self-proteins on the surface of RBCs [40]. We are currently inves-
tigating this aspect to understand the complement mediated lysis
of HPG-RBCs.

RBCs that were presumably damaged during the HPG modifi-
cation step were removed from circulation by day 1. This is based
on the fact that PKH labeled control RBCs had a difference clearance
profile than HPG-grafted RBCs (Fig. 8). The low activity detected in
the plasma (18% of the activity of blood) at day 1 suggests that 3H-
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HPG-RBCs were removed through nonlytic fixation of complement
factors and consequent removal by splenic and hepatic macro-
phages as reported in the case of RBCs modified with biotin and
streptavidin byMuzykantov et al. [23]. This is also supported by the
high initial activity observed in the spleen and liver. The presence of
activity in the plasma could not be due to 3H-HPG being shed off
the surface, rather it may be due to a mild complement mediated
lysis or to the remaining radioactive metabolites of the liver, spleen
and other organs returning to the circulation. Further investigation
is needed to confirm these arguments. The amide-ester linker
between the RBC and HPG remained protected from enzymatic
degradation as evident from the presence of HPG-RBC in circulation
for 50 days as well almost identical clearance of membrane labeled
and HPG labeled HPG-grafted RBCs (Fig. 8). This is supported by the
in vivo circulation reported for PEGylated polyester core den-
drimers; the polyester core underwent no hydrolytic or enzymatic
degradation being in circulation for longer than 2 days [41].

RBCs at grafting levels of 1.0 � 105 HPG molecules per RBC have
a great potential in vascular drug delivery applications [2]. HPG-
RBCs with a remarkable long circulation in mice have a great
potential in targeted drug delivery and modified cell applications.
Future studies will concentrate on eliminating the initial rapid
clearance of HPG-RBC, and investigating the circulation of proteins
conjugated to HPG-RBC.

6. Conclusions

The number of covalently grafted HPGmolecules to RBCs ranged
from 1 � 105 to 2 � 106 molecules. Being hydrophilic, only a small
portion of HPG (0.5e1.2%) used were linked to RBCs. The size and
number of HPG-grafted molecules are parameters that need to be
considered in the design of long circulating HPG-RBC functional
RBCs. In vitro characterization studies indicated that the grafting of
w1.5 � 105 of HPG20K and HPG60K molecules per RBC yields
functional RBCs that have similar complement mediated lysis,
osmotic fragility, and electrophoretic mobility to that of control
RBCs. The ester-amide linker between HPG and RBC was stable
in vivo, and it did not undergo hydrolysis. In vivo circulation
experiments indicated that a large fraction (>50%) of HPG-grafted
RBCs are functional, and remained in circulation for more than 50
days. The presence of low radioactivity in the plasma on day 1
indicates that 3H-HPG-RBC did not undergo immediate comple-
ment mediated lysis in circulation. The initial high radioactivity in
spleen and liver indicates that 3H-HPG60K-RBCs are being removed
by the RES macrophages of the spleen and liver, similar to the
normal RBC clearance mechanism. Minimal radioactivity was
accumulated in organs other than liver and spleen. Animals gained
weight normally and no abnormalities were observed in necropsy.
HPG functionalized RBCs have great potential in the systemic
delivery of therapeutics, biomedical applications of functional cells
and in blood transfusion.
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