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ABSTRACT
A growing body of evidence supports the important role of molecular charge on antibody pharmacoki-
netics (PK), yet a quantitative description of the effect of charge on systemic and tissue disposition of 
antibodies is still lacking. Consequently, we have systematically engineered complementarity- 
determining regions (CDRs) of trastuzumab to create a series of variants with an isoelectric point (pI) 
range of 6.3–8.9 and a variable region (Fv) charge range of −8.9 to +10.9 (at pH 5.5), and have investigated 
in vitro and in vivo disposition of these molecules. These monoclonal antibodies (mAbs) exhibited 
incrementally enhanced binding to cell surfaces and cellular uptake with increased positive charge in 
antigen-negative cells. After single intravenous dosing in mice, a bell-shaped relationship between 
systemic exposure and Fv charge was observed, with both extended negative and positive charge patches 
leading to more rapid nonspecific clearance. Whole-body PK experiments revealed that, although overall 
exposures of most variants in the tissues were very similar, positive charge of mAbs led to significantly 
enhanced tissue:plasma concentration ratios for most tissues. In well-perfused organs such as liver, spleen, 
and kidney, the positive charge variants show superior accumulation. In tissues with continuous capillaries 
such as fat, muscle, skin, and bone, plasma concentrations governed tissue exposures. The in vitro and 
in vivo disposition data presented here facilitate better understanding of the impact of charge modifica-
tions on antibody PK, and suggest that alteration in the charge may help to improve tissue:plasma 
concentration ratios for mAbs in certain tissues. The data presented here also paves the way for the 
development of physiologically based pharmacokinetic models of mAbs that incorporate charge 
variations.
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Introduction

Monoclonal antibodies (mAbs) have emerged as vital thera-
peutics, owing to their high affinity, specificity, capacity to elicit 
immune responses, and relatively long half-life. Their favorable 
pharmacokinetic (PK) characteristics can be greatly attributed 
to pH-dependent interactions with the neonatal Fc receptor 
(FcRn). Antibodies in the vascular space are taken up by 
endothelial cells via fluid-phase pinocytosis, and within the 
endosomes they bind to FcRn at an acidic pH. FcRn-bound 
mAbs are cycled back on the cell surface, where they dissociate 
from FcRn due to negligible binding at physiological pH. As 
such, the tight binding to FcRn at pH 6 and efficient release at 
pH 7.4 are critical for an efficient recycling process and thus for 
maintaining a long plasma residence time of mAbs. Antibodies 
that are not bound to FcRn in the endosomes are subjected to 
lysosomal degradation via a process classified as nonspecific 
elimination.1 Another clearance mechanism for mAbs is tar-
get-mediated drug disposition (TMDD), which is most promi-
nent at relatively lower doses. So far, a plethora of mAbs has 
been tested in the clinic, and huge inter-antibody variability in 
the PK profiles have been observed. Molecular size,2,3 

glycosylation,4 immunogenicity,5 TMDD,6 and FcRn binding 

have all been shown to impact the PK of protein 
therapeutics.7,8 However, the majority of therapeutic and 
investigational mAbs have similar molecular weights and gly-
cosylation patterns, and even in the absence of TMDD and 
immunogenicity, mAbs with similar FcRn binding kinetics 
have still exhibited disparate plasma PK profiles. As such, 
there is a need to better understand other molecular properties 
that can affect the PK of mAbs.

Among many physicochemical properties that may account 
for the variability in the PK of mAbs, charge is one of the most 
studied properties. In 2010, Igawa et al. demonstrated that 
IgG1 and IgG4 antibodies with lower isoelectric point (pI) 
had lower clearance and longer half-life.9 However, when 
a large panel of antibodies with a wide range of pI/charge 
values were analyzed, no correlation between clearance and 
pI/charge was found.10 In another retrospective analysis, 
Sharma et al. found that both variable regions with extremely 
negative and extremely positive charges exhibit fast 
clearance.11,12 In addition to net charge and pI values, charge 
distribution also appears to play a role in determining antibody 
PK. Disrupting positive charge patches on complementarity- 
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determining regions (CDRs) of an antibody without altering pI 
could improve its plasma exposure.13,14 Generally speaking, the 
relationships between clearance and antibody charge have been 
reported to be monotonic, bell-shaped, or uncorrelated, using 
various metrics for charge and charge distribution. One caveat 
of these studies is that only one or two variants derived from 
each parental antibody were used for PK comparison, making 
it challenging to demonstrate a continuous quantitative struc-
ture-pharmacokinetic relationship (QSPKR) over a wide range 
of antibody charge. As such, it is desirable to accurately reca-
pitulate the relationship between antibody charge and clear-
ance using a series of antibody variants with incremental 
changes in charge and minimal differences in other molecular 
properties.

Furthermore, mechanisms underlying potential effects of 
charge on mAb PK remain arguable. It has been widely 
accepted that positive charges on the surface of antibodies 
may interact with negatively charged cell membrane or extra-
cellular matrix (ECM), ultimately leading to faster nonspecific 
cellular uptake and degradation.15 Another hypothesis is that 
positive charges in Fv can prolong the association of an anti-
body with FcRn at pH 7.4, thus preventing its recycling and 
increasing its degradation.16 What makes the later mechanism 
less generalizable is the fact that the effect of charge on PK 
could be observed in both wild-type (WT) and FcRn knockout 
mice.9,17 Therefore, it is important to clarify if the lower sys-
temic exposure of positively charged antibodies mainly origi-
nates from electrostatic interactions with cell membrane/ECM, 
or is commonly dependent on altered FcRn interactions.

So far, several full physiologically based pharmacokinetic 
(PBPK) and minimal PBPK models have revealed correlations 
between antibody charge and fitted parameters such as pino-
cytosis rate and pre-systemic clearance following subcutaneous 
dosing.18,19 While such findings are intriguing, only plasma PK 
data were incorporated in model fitting, compromising the 
validness of the concluded correlations. Indeed, most of the 
investigations of the effect of charge variations on antibody PK 
focus on systemic PK only. Although plasma exposures can 
reflect overall clearance, it is tissue concentrations that are 
oftentimes more relevant in terms of efficacy and toxicity. 
Among the few biodistribution studies in this matter, radiola-
beled drugs, such as 111In and 125I labeled antibodies, were 
frequently used. While these experiments are powerful in 
identifying the “past” and the “present” of mAbs, it can be 
difficult to discern if the observed accumulation of antibodies 
in certain tissues is a result of enhanced extravasation or an 
artifact of antibody accumulation in the blood. Accordingly, 
tissue PK data from complementary approaches are warranted 
to further understand the impact of antibody charge on dis-
tribution into various tissues, and to validate PBPK models that 
incorporate antibody charge as a covariate.

In this study, we have systematically engineered an existing 
mAb, trastuzumab, to create a series of charge variants that 
cover a wide range of pI values, total charge, and charge 
patches, without considering target binding affinity. In vitro 
cellular PK and in vivo systemic PK experiments were con-
ducted to seek an in vitro-in vivo correlation. Whole-body 
tissue PK of these charge variants was determined using both 
enzyme-linked immunosorbent assay (ELISA) and imaging- 

based approaches. Different proposed mechanisms underlying 
the effect of charge on mAb PK were examined experimentally, 
and various physicochemical properties of the charge variants 
were characterized to understand if the observed PK differ-
ences were exclusively due to charge variation.

Results

Before any protein engineering efforts were made, we digitized 
PK profiles of various marketed mAbs in mouse and human, to 
examine if the PK variabilities can be explained by charge, and 
if any representative mAbs are appropriate for further investi-
gation. These mAbs are reported to have pI values from 6.1 to 
9.4, all measured by imaged capillary isoelectric focusing 
(icIEF) in one study.20 Saturating doses were selected to mini-
mize interference of TMDD, and only the PK data without 
indications of immunogenicity were extracted. No trend was 
observed in dose-normalized serum PK profiles, clearance, or 
terminal half-life for mAbs with diverse pI values (Fig. S1). Of 
note, these antibodies differ in immunoglobulin (IgG) sub-
classes, Fv framework sequences, and FcRn binding properties, 
which can all confound the analysis, necessitating the genera-
tion of a series of nested (i.e., more closely related) mAbs that 
have minimal differences in other properties than charge.

In silico design and production of trastuzumab charge 
variants

Trastuzumab (TS-WT), a humanized anti-human epidermal 
growth factor receptor 2 (HER2) antibody, was chosen as the 
starting template, as it has average PK profiles in human and 
mouse (Fig. S1). Bumbaca et al. have successfully designed and 
purified 2 charge variants of trastuzumab with charge changes 
of +5 and −4 relative to TS-WT, respectively.12 These mutants 
were included in the present study as TS+5 and TS-4. Previous 
work aimed to introduce mutations that retain antigen-binding 
affinity while altering the charge; however, our objective was 
not to create therapeutically effective charge variants, and 
hence we did not intend to maintain HER2 binding during 
the engineering that follows. Surface-exposed residues in CDRs 
of TS-WT were identified in Swiss PDB Viewer, and two 
different mutation strategies were applied. First, all these resi-
dues were mutated to R or D for positive and negative charge 
variants, respectively. In the second strategy, the same WT 
residues were allowed to mutate to either R or K for positively 
charged variants, and D or E for negatively charged variants, 
depending on the similarity in hydrophobicity and size 
between WT residues and R/K or D/E. This manual approach 
resulted in a total of 4 mutants, and Molecular Operating 
Environment (MOE) predicted 2 variants to have the best 
stability, which were termed TS+11 and TS-8, respectively. 
To obtain even more extreme charge variants, a more compre-
hensive engineering method was required. We generated 2000 
random variants in MOE, whereby up to15 CDR residues were 
allowed to change to either R/K or D/E, followed by in-silico 
assessment of their properties and hence feasibility for anti-
body production. Since difficulty in expression of charge var-
iants at the extreme ends was anticipated, 3 positive variants 
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(TS+15, TS+16, TS+17) and 3 negative variants (TS-11, TS-12, 
TS-14) were prioritized for downstream experiments. The 
mutation details are shown in Table S1.

The 10 selected mutants displayed incremental changes in 
positive/negative charge patch size, as well as net charge (Table 
1). A stability filter of delta stability <5.5 kcal/mol was applied 
to identify variants with high probability to be expressed as 
stable proteins. Although all the negative charge variants were 
successfully purified from Chinese hamster ovary (CHO) cells, 
only one positive charge variant, TS+5, was purified with good 
quality. TS+11, TS+16, and TS+17 showed around 40% aggre-
gation, whereas TS+15 was not detected at all (data not shown). 
TS-14, −11, −8, −4, WT, and +5 were used for further experi-
ments, and their electrostatic surfaces are presented in 
Figure 1.

Impact of antibody charge on cellular disposition

In an effort to understand the mechanisms underlying the poten-
tial effect of charge on antibody disposition at the cellular level, we 
conducted in vitro disposition experiments using Madin-Darby 
canine kidney (MDCK) cells. In the experimental setup, HER2 
and FcRn were both absent,21–23 which makes the system 

appropriate for examining the interaction between charge variants 
and cell membrane. Cells were incubated with 100 nM mAbs for 
predetermined time periods, and media and cell lysates were 
harvested for quantification. Intracellular exposures of mAbs cor-
related positively with their net charges, with TS+5 showing the 
highest accumulation over time, and TS-11 and TS-14 were barely 
detectable within cells at all times (Figure 2a). Lower measured 
intracellular concentrations may originate from poorer stability in 
endosomes or compromised cellular uptake. The former assump-
tion is less likely, since no concentration loss was detected for any 
charge variants in acidic buffer at 37°C for at least one week (Fig. 
S2B), although it cannot be precluded that these mAbs had 
different proteolytic degradation rates. On the other hand, non-
specific binding to negatively charged cell membranes was 
observed using flow cytometry. MDCK cells were incubated 
with charge variants on ice, followed by labeling with anti- 
human Fc conjugated to R-phycoerythrin (PE). Again, antibodies 
with more positive charge resulted in stronger cell surface binding 
(Figure 2b). Interestingly, intracellular area under the concentra-
tion curve (AUC) calculated from the cellular PK study demon-
strated a positive correlation with mean fluorescence intensity 
(MFI) values obtained from the flow cytometry (Figure 2c). 
These observations altogether imply that antibodies with more 

Table 1. Electrostatic properties and stability calculated in MOE and purification results for the charge variants.

Code 
name Source

Delta stability 
(kcal/mol)

Delta net 
charge

Positive patch size 
change (Ang2)

Negative patch size 
change (Ang2)

Positive CDR patch size 
change (Ang2)

Negative CDR patch 
size change (Ang2)

Fv 
charge 
(at pH 

5.5)
Purification 

result

−14 MOE 5.38 −13.6 −10 480 0 480 −7.9 Successful
−12 MOE 5.25 −12.4 −40 380 0 380 −8.9 Successful
−11 MOE 4.95 −11.4 −10 460 −10 460 −6.1 Successful
−8 Manual 1.72 −8.4 0 270 −10 270 −2.4 Successful
−4 Ref.12 1.15 −3.4 50 150 0 150 +2.3 Successful
+5 Ref.12 2.27 +4.6 140 −40 140 −40 +10.9 Successful
+11 Manual −0.17 +10.8 430 −40 430 −40 +16.8 Aggregation
+15 MOE 1.50 +15.87 750 −30 710 −30 +20.9 Failed
+16 MOE 1.58 +15.98 630 −40 640 −40 +21.1 Aggregation
+17 MOE 0.82 +16.79 720 −60 800 −60 +22.0 Aggregation

Figure 1. Electrostatic surface presentation of the engineered charge variants of trastuzumab. These images were made in PyMOL, and both frontal and back 
views are displayed. Positive charge, negative charge, and neutral patches are colored by blue, red, and white, respectively.
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positive charges can interact more tightly to cell membranes, 
which facilitates their pinocytosis and hence cellular 
accumulation.

Influence of antibody charge on plasma PK

For the plasma PK study, all the charge variants were 
administered at a 10 mg/kg single intravenous dose to 
Swiss Webster mice. This high dose was chosen to mini-
mize known and unknown TMDD, even though trastuzu-
mab does not cross-react with mouse HER2. These mAbs 
displayed biphasic or triphasic profiles with moderate 
variability (Figure 3a). As a typical antibody, TS-WT had 

a nonspecific clearance of 12.4 mL/day/kg, and a half-life 
of 14.2 days. TS+5 showed a 3.6-fold increase in clearance, 
whereas TS-4 and TS-8 decreased clearance by around 
30% compared to TS-WT. Surprisingly, when antibody 
charge became even more negative, systemic elimination 
started to rise, with clearance values being 35.3 and 
36.5 mL/day/kg for TS-11 and TS-14, respectively. 
Therefore, the relationship between clearance and anti-
body charge can be depicted as “U” shaped (Figure 3b). 
Since enhanced clearance was associated with shorter half- 
life in the experiment, the relationship between terminal 
half-life and antibody charge is bell-shaped (Figure 3c). 
These plasma concentration–time profiles indeed reflected 

Figure 2. Influence of charge on cell disposition of mAbs. A) Concentration-time profiles of charge variants in the cell media and MDCK cells. B) MDCK cell surface 
binding of charge variants characterized in flow cytometry. C) The correlation between intracellular AUC obtained in cellular PK experiments and MFI binding signals in 
flow cytometry.

Figure 3. Systemic PK of charge variants. A) Plasma concentrations of charge variants over 7 days. The relationship between B) systemic clearance calculated by non- 
compartmental analysis and C) terminal half-life and Fv charge at pH 5.5.
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whole-body elimination rates rather than varied stability, 
because all the charge variants were stable in isolated 
mouse plasma at 37°C for at least 1 week (Fig. S2A).

Physicochemical and FcRn-binding properties of charge 
variants

In search of explanations for the bell-shaped relationship 
between systemic exposure and antibody charge, we further 
examined whether charge engineering modified other impor-
tant molecular properties, such as pI, FcRn binding, hydro-
phobicity, shape, stability, and nonspecific binding, which may 
play a role in antibody PK discrepancies.

IEF data confirm the expected positive correlation of mAb 
pI with positive Fv charge, and the charge variants studied 
cover a pI range of 6.3–8.9 (Table 2). However, adding positive 
charges did not always lead to a higher pI. TS-14 has a higher pI 
than TS-11 (6.7 vs. 6.3), and the pI of TS+5 is lower than that of 
TS-WT (8.7 vs. 8.9). Binding kinetics of the mAbs to mouse 
FcRn at pH 6 and dissociation kinetics at pH 7.4 were char-
acterized by surface plasmon resonance (SPR). The mFcRn was 
immobilized on a CM5 chip, and mAbs were flowed over at pH 
6, followed by dissociation phases at either pH 6 or pH 7.4. All 
the charge variants showed similarly good affinity to mFcRn at 
acidic pH (Table 2). TS+5 showed the lowest KD (2.48 nM), 
whereas all the negative charge variants had slightly higher KD 
values, which were still within twofold of the KD of TS-WT. 
These mAbs were all released from mFcRn rapidly at physio-
logical pH, with dissociation half-life less than 4 s. As such, 
different PK profiles could not be explained by altered FcRn 
binding.

We also evaluated hydrophobicity of the mAbs using hydro-
phobicity interaction chromatography (HIC). TS+5, TS-4, and 
TS-8 showed similar hydrophobicity to TS-WT (Table 2). 
Surprisingly, the two variants at the negative charge extreme, 
TS-11 and TS-14, exhibited greater hydrophobicity (Fig. S3). 
Because higher hydrophobicity is often associated with worse 
stability and strong nonspecific binding,11,24,25 we further mea-
sured additional biophysical properties. Circular dichroism 
(CD) spectra obtained at room temperature demonstrated 
that TS-11 and TS-14 deviated the most from other mAbs, 
perhaps because excessive negative charge distribution signifi-
cantly altered the structure, yet all the mAbs still exhibited 
beta-sheet dominated secondary structures (Fig. S4A). The 
temperature-ramping study suggested that the melting tem-
peratures (Tm) of TS-11 and TS-14 were lower than that of TS- 

WT (65°C and 62°C vs. 72°C, Table 2), but melting profiles 
implied good stability of all mAbs at physiological tempera-
tures (<45°C, Fig. S4B). To detect nonspecific binding, 96-well 
plates were coated with bovine serum albumin (BSA), and 
interactions of mAbs with BSA were quantified in ELISA. TS- 
WT and TS-4 did not show any binding even at 
a concentration as high as 50 μg/mL, reflecting their favorable 
physicochemical properties. TS+5 displayed strong and con-
centration-dependent binding to BSA, whereas TS-8, TS-11, 
and TS-14 all showed moderate binding only when concentra-
tions were higher than 3 μg/mL (Fig. S5A), suggesting low- 
affinity and high-capacity type of binding. In order to test the 
hypothesis of enhanced binding of positive charge variants to 
ECM, we also characterized mAb binding to heparin, which 
contributes to the negative charge of ECM, using pre-coated 
heparin plates in ELISA. However, significant binding to the 
blocking agent, BSA, would bias interpretation of the result and 
thus needed to be accounted for. After correction for the 
binding to BSA, only TS+5 was found to bind to negatively 
charged heparin significantly (Fig. S5C).

Whole-body PK studies of charge variants

Unexpected high systemic clearance of extreme negative 
charge variants did not seem to be sufficiently explained by 
impaired FcRn binding, hydrophobicity, stability, or nonspe-
cific binding, as evidenced by antibody characterization men-
tioned above, necessitating exploration of other mechanisms. 
We speculated that specific tissue cells could recognize and 
consume TS-11 and TS-14, causing augmented drug loss in the 
plasma. In order to quickly identify possible organs for boosted 
catabolism, an in vivo fluorescence imaging approach was 
used. We confirmed that N-hydroxysuccinimide (NHS) chem-
istry was superior to maleimide reaction when conjugating 
Alexa Fluor 680 (AF680) to mAbs, as it had no influence on 
antibody PK (Fig. S6). Consequently, TS+5, WT, −8, −11, and 
−14 were conjugated with AF680 via lysines (dye-antibody- 
ratios < 2) and administered intravenously to nude mice at 
a single 10 mg/kg dose. Mice were imaged at 4, 24, 72, and 
168 h in FMT2000 (Perkin Elmer, Fig. S7). In agreement with 
the plasma PK data, TS-8 displayed the longest residence in 
systemic circulation, whereas TS+5, −11, and −14 were cleared 
rapidly, as indicated by low heart concentrations. Compared to 
TS-WT, TS-8 exhibited much higher liver distribution, possi-
bly due to strong signals of molecules in the blood. On the 
other hand, TS+5 also exhibited unusually high liver 

Table 2. Biophysical properties and mouse FcRn binding of the charge variants. SPR was used to characterize association and dissociation kinetics of the mAbs 
binding to mFcRn at acidic pH, and dissociation rate constant at pH 7.4. Higher hydrophobicity was indicated by greater retention time in HIC. Melting temperatures 
were calculated in CD, whereas pI values were determined in IEF.

Charge variant

mFcRn binding at pH 6.0 mFcRn binding at pH 7.4

Retention time (min) Tm (°C) Measured pIKon (1/M/s) Koff (1/s) KD (nM) Koff (1/s) Dissociation half-life (s)

TS+5 5.31e5 0.00132 2.48 0.180 3.85 4.006 68 8.7
TS-WT 3.27e5 0.00182 5.58 0.207 3.35 4.260 72 8.9
TS-4 1.72e5 0.00137 7.96 0.176 3.95 4.386 70 7.9
TS-8 2.03e5 0.00160 7.88 0.204 3.40 3.996 72 6.6
TS-11 2.35e5 0.00188 8.00 0.193 3.59 4.482; 5.037 65 6.3
TS-14 1.82e5 0.00170 9.34 0.194 3.57 4.572 62 6.7
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Figure 4. Whole-body PK of charge variants in mouse following 10 mg/kg intravenous dosing characterized using ELISA.

Figure 5. Tissue/plasma concentration ratios over time in mouse tissues.
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concentrations, despite its fast disappearance in the blood. 
Intriguingly, TS-11 and TS-14 had comparable plasma expo-
sures, but their biodistribution profiles were distinct. TS-14 
showed excessive accumulation in liver and spleen only at 
4 h, and was almost invisible all over the body soon. TS-11 
displayed strong and retained signals in spleen at all times.

Owing to relatively low organ resolution, poor sensitivity, 
limited quantification power, and interferences from blood 
drug concentrations in the imaging study, we decided to 
further conduct biodistribution experiments with whole-body 
perfusion using unlabeled molecules and ELISA, to unravel 
extravasation behaviors and tissue cell accumulation of charge 
variants. Charge variants were intravenously dosed to Swiss 
Webster mice at 10 mg/kg, and perfusion was performed prior 
to tissue collection at various time points. TS+5, TS-WT, and 
TS-8 were quantified in liver, spleen, lung, kidney, fat, heart, 
brain, pancreas, muscle, skin, and bone using ELISA, whereas 
TS-11 and TS-14 were only quantified in 4 well-perfused 
organs highlighted in the imaging study – liver, spleen, lung, 
and kidney (Figure 4). Astoundingly, most of the mAbs 
showed very similar concentration–time profiles in all tissues, 
except TS+5, which had extraordinarily high distribution into 
liver, spleen, and kidney at early time points, and TS-14 
showed steep slopes as seen in its plasma PK profile. TS-8 
exhibited only slightly higher exposures in fat, pancreas, mus-
cle, skin, and bone. However, when tissue to plasma concen-
tration ratios (T/P) were plotted over time, the discrepancies 
between mAb variants became substantial (Figure 5). Similar 
trends were observed in their biodistribution coefficients (BC), 
calculated as AUC6-168h, tissue/AUC6-168h, plasma (Table 3). TS+5 
demonstrated the highest BC values in all tissues, and the 
degrees of divergence with other 2 mAbs were the greatest in 
liver, spleen, lung, kidney, and heart. In liver, spleen, lung, 
kidney, heart, and brain, TS-WT exhibited higher BC values 
than TS-8, whereas in the other tissues both variants yielded 
similar T/P values. These results suggest that although charge 
variants resulted in comparable levels of tissue accumulation, 
considering their significantly different plasma PK, their extra-
vasation extents (and maybe even extravasation process) must 
have varied considerably.

Discussion

Charge has been recognized as an important molecular prop-
erty that contributes toward antibody PK and PK variability. 
To create antibody variants with different charge properties for 
experimental investigation, chemical conjugation has been 
used traditionally.26,27 This approach allows fine tuning of 
charge modification, but it also introduces great charge hetero-
geneity, making the derived QSPKR more ambiguous. 
Switching of antibody framework sequences has also been 
applied,28 but the attainable pI or charge range is very narrow 

with this approach. Recently, more researchers have endea-
vored to introduce CDR mutations that modify antibody 
charge without compromising antigen binding affinity.12 This 
is the ideal situation, but such mutations are very difficult to 
discover, and can limit the charge/pI range as well. Therefore, 
here we disregarded target binding, and managed to purify TS- 
14, TS-11, TS-8, TS-4, and TS+5 variants designed by CDR 
mutagenesis on trastuzumab. These variants together with TS- 
WT were used to investigate the effect of charge on in vitro and 
in vivo disposition of antibodies.

It is hypothesized that positive charge patches on antibodies 
can interact with negatively charged ECM or cell membrane 
components via electrostatic interactions,15 and retention in 
the interstitial space or on cell surface makes antibodies more 
likely to be internalized into endosomes via pinocytosis, lead-
ing to higher nonspecific clearance.29 We determined binding 
of charge variants to heparin, a type of glycosaminoglycan 
(GAG) present both in ECM and cell membrane,30 and only 
the positive charge variant, TS+5, exhibited noticeable heparin 
binding. On the other hand, we observed stronger binding to 
MDCK cell membrane and augmented intracellular accumula-
tion as antibody charge became more positive, which confirms 
the hypothesis that positive charge patches interact more with 
cell membrane, leading to faster uptake and clearance.

One would expect higher in vitro cellular accumulation to 
translate into faster nonspecific clearance in vivo, i.e., TS-14 
and TS+5 should theoretically have the slowest and fastest 
elimination, respectively. Following a 10 mg/kg bolus dose of 
TS+5, TS-WT, TS-4, and TS-8, we indeed observed incremen-
tally improved plasma exposures. Strikingly, as the antibody 
charge got even more negative than TS-8, the systemic clear-
ance became much more rapid. Such a “U” shaped relationship 
between clearance and antibody net charge has rarely been 
described and never been explained before,11 perhaps because 
previously reported charge variants covered a broad range of 
charge/pI, but were not engineered in such a way that they 
contained incremental changes in the charge.

The inconsistency between in vitro disposition and in vivo 
PK data sparked our interest in studying other important 
properties that were not captured in the in vitro MDCK sys-
tem. FcRn binding, the main mechanism that controls long 
half-life of antibodies and is absent in MDCK cells, was eval-
uated first. In SPR, these variants exhibited within 4-fold dif-
ferences in their KD values for FcRn binding at pH 6, as well as 
equally rapid release from mFcRn with dissociation half-lives 
of 3.40–3.95 s, making FcRn binding unlikely to account for 
faster elimination of TS-11 and TS-14. Moreover, it has been 
suggested that positive charge areas of Fab regions can come in 
proximity to the negative charge patch of FcRn that reinforces 
the interaction at pH 7.4, ultimately causing shorter antibody 
half-life.16,31,32 But our finding precludes FcRn-mediated 
enhanced retention at neutral pH as a contributor to poor PK 

Table 3. Calculated biodistribution coefficients (BC, %) for charge variants in each tissue.

Variant Heart Liver Lung Kidney Spleen Pancreas Fat Skin muscle Bone Brain

TS-8 5.92 8.74 3.37 3.34 5.89 4.32 5.57 7.73 5.66 4.89 0.165
TS-WT 9.17 13.4 6.04 6.47 7.03 4.80 6.00 7.72 3.77 3.79 0.398
TS+5 22.5 24.4 18.8 26.6 41.0 10.5 5.74 12.4 6.45 9.59 0.553
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of more positively charged mAbs. It is still possible that our 
SPR assay at pH 7.4 could not resolve small differences in FcRn 
dissociation occurring throughout recycling.16,33 Of note, due 
to the poor translatability of rodent FcRn binding to human 
FcRn binding, it remains unknown if the impact of positive 
charge on human FcRn binding will also remain negligible, and 
if the magnitude of the influence of charge on PK will be 
similar between mouse and humans.

In addition to FcRn binding, other possible mechanisms 
contributing to the bell shape of plasma exposure vs. antibody 
charge relationship were considered individually. Differential 
stability of mAbs was likely to cause apparently different mea-
sured concentrations in cells or plasma, but CD data indicated 
that both molecules did not experience drastic conformational 
changes at temperatures below 45°C, and all the mAbs were 
very stable in either plasma or acidic buffer that mimicked 
endosomal environment for at least 7 d. Increased hydropho-
bicity may trigger nonspecific interactions and thus broad 
tissue sequestration and catabolism.34 TS-11 and TS-14 were 
the most hydrophobic among the mAb variants tested in HIC, 
although they had the lowest calculated hydrophobicity index 
based on the Eisenberg scale values. Further structural analysis 
is necessary to understand why introducing many negatively 
charged residues in CDRs caused higher hydrophobicity. 
Nevertheless, the aberrant PK of TS-11 and TS-14 did not 
originate from nonspecific binding triggered by hydrophobi-
city, as they only showed negligible binding to MDCK cell 
surface, and their binding to BSA was similar to that of TS-8, 
which displayed favorable plasma PK. Another plausible expla-
nation for the unexpected fast elimination of TS-11 and TS-14 
is unintended, specific off-target binding.35,36 As a surrogate, 
in vivo fluorescence imaging following mAb administration 
was performed to locate organs that may be responsible for 
unusually high catabolism. Despite similar plasma exposures of 
TS-11 and TS-14, TS-11 mainly distributed into the spleen 
where it was eliminated slowly, whereas TS-14 accumulated 
in the liver but was soon cleared. It remains to be seen whether 
extreme negative charge modification necessarily leads to 
increased systemic clearance, and whether liver or spleen 
tend to recognize and take up mAbs with extended negative 
charge patches.

We also characterized tissue PK of TS-8, TS-WT, and TS+5, 
since they demonstrated incremental systemic clearance for 
known reasons, as well as a modest charge range. Consistent 
with previous studies that reported that high pI variants were 
highly catabolized in liver, spleen, or kidney,28 we observed 
enhanced accumulation of TS+5 in these organs. TS+5 exhib-
ited around double concentration compared to the other mAbs 
at 6 h, after which its concentrations converged with those of 
other variants. Liver has been recognized as an important 
organ for eliminating cationic macromolecules, and receptors 
for cationic proteins have been identified on hepatic Kupffer 
cells and endothelial cells.26,37,38 Additionally, TS+5 showed 
higher concentrations than other mAbs in spleen for at least 
72 h. Correspondingly, an electron microscopic cytochemical 
study of the rat spleen suggested very intense negative charges 
on the endothelial cells of blood vessels that transport blood 

into and out of the red pulp,39 which may be responsible for 
retaining positively charged mAbs. Moreover, concentrations 
of TS+5 were superior to other mAbs in the kidney at all times 
studied, which is not unexpected, as the negatively charged 
endothelial cells and glomerular basement membrane is known 
to facilitate filtration of cationic molecules,40 and may analo-
gously enhance cellular uptake of positively charged antibo-
dies. It is noteworthy that TS+5 only displayed greater 
concentrations in tissues with either fenestrated (kidney) or 
discontinuous (liver, spleen) capillaries; however, in organs 
with continuous capillaries, such as fat, muscle, skin, and 
brain, plasma exposure was the overriding factor that con-
trolled tissue concentrations (i.e., TS-8 and TS+5 had the high-
est and lowest tissue exposures, respectively). We have 
observed similar results with a different antibody, where 
enhanced accumulation of a positive charge variant of an anti- 
CD44 antibody was found in liver and spleen, but not in 
muscle.41 Interestingly, when tissue to plasma concentration 
ratios were plotted against time, strong charge-dependent rela-
tionships were found in most tissues. TS+5 showed the fastest 
distribution into all tissues, whereas TS-WT demonstrated 
faster extravasation than TS-8 in liver, lung, kidney, heart, 
and brain. TS+5 demonstrated the highest BC values in all 
tissues, and the degrees of divergence with the other 2 mAbs 
were the greatest in liver, spleen, lung, kidney, and heart. In 
liver, spleen, lung, kidney, heart, and brain, TS-WT exhibited 
higher BC values than TS-8, whereas in the other tissues both 
variants yielded similar tissue to plasma concentration ratios. 
These results suggest that positively charged mAbs can accom-
plish higher tissue to plasma concentration ratios.

Our results also facilitate discussion regarding development 
of more potent mAbs or drug-delivery strategies using charge 
variants of mAbs. There are a few scenarios where a positively 
charged mAb can be beneficial. First, this type of mAb may 
provide higher exposure at the site-of-action compared to 
neutral mAbs at similar doses, which can lead to attainment 
of better target engagement at the same dose or similar target 
engagement at lesser doses. Since similar/better target engage-
ment at the site-of-action and much reduced systemic exposure 
can be accomplished using positively charged mAbs, they can 
provide better therapeutic index for mAbs whose toxicity stems 
from systemic exposure. Second, such mAbs can be used to 
develop antibody-drug conjugates (ADCs) with enhanced tis-
sue/tumor penetration and increased intracellular delivery. 
However, the fact that positive charge simultaneously boosts 
exposures in other tissues as well (e.g., liver, spleen and kid-
ney), the ADC would have to be made with linkers that show 
specific cleavage in the presence of tumor- or organ-specific 
chemical triggers (e.g., Fe(II), β-galactosidase, and sulfatase) to 
minimize undesired drug release in untargeted organs. Third, 
local administration routes such as intravitreal or intratumoral 
injections can benefit from positive charge variants, since these 
mAbs can demonstrate higher retention in the tissues and local 
administration can alleviate excessive distribution of these 
mAbs into highly perfused organs. However, these hypotheses 
require further experimental validation. On the other hand, 
outstanding positive charge patches on mAbs can also serve as 
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a risk factor in drug development because both suboptimal 
plasma exposure and augmented tissue distribution can nega-
tively impact drug efficacy and toxicity.

It is also important to note that our study has several limita-
tions. First, we failed to produce extremely positively charged 
molecules due to challenges in antibody production. This limits 
the number of variants studied and the range of antibody charge 
covered, and makes the conclusions less generalizable. Second, 
we still cannot unravel the mechanisms for accelerated clearance 
for TS-11 and TS-14, and ascertain if extended negative charge 
patches necessarily result in poorer PK. Third, although the 
whole-body PK studies well-differentiated mAbs in terms of 
their systemic and tissue exposures, the homogenization-based 
analytical assay failed to tell the percentages of molecules bound 
to endothelium or tissue cell surface, inside cells, or trapped in 
ECM. It would be interesting to further investigate the sub-tissue 
-level distribution of charge variants using 
immunohistochemistry,42 or quantitative analysis of interstitial 
fluid, cell membrane-bound mAbs, and mAbs in cell lysate.43,44 

Lastly, we did not evaluate the magnitude of the effect of charge 
on antibody PK in the presence of TMDD or when given at 
various dose levels. Interestingly, relative to other mAbs, TS+5 
showed a drastic drop in concentrations at early time points, and 
a terminal slope that is not too steep, which is analogous to the 
TMDD profile. Indeed, the involved “target” could be the puta-
tive receptors for nonspecific binding, and the BC values can be 
even higher and half-life can be even shorter for TS+5 when 
a lower dose is delivered. Thus, the high-capacity and moderate- 
to-high affinity nature of binding between putative receptors and 
positive charge mAb variants can make this nonspecific elimina-
tion pathway still significant, even in the presence of TMDD 
caused by the therapeutic targets.

In summary, using a series of charge variants derived from 
the parental antibody, trastuzumab, we demonstrated a trend 
of enhanced cellular binding and uptake with increased anti-
body charge. The relationship between nonspecific systemic 
clearance in mouse and antibody charge appears “U” shaped, 
with Fv charge of −2.5-+2.5 leading to optimal systemic PK 
profiles. The unexpectedly rapid elimination of antibody var-
iants with extended negative charge patches could not be 
explained by altered FcRn binding, nonspecific binding, or 
stability, and needs further mechanistic investigation. 
Biodistribution studies of 3 mAbs with incremental charges 
indicate that higher positive charges substantially improve 
extravasation into various tissues, but the overall tissue expo-
sures of these antibodies did not differ to a great extent in most 
tissues. Nonetheless, our data suggest that alteration in the 
charge of antibodies may help in improving tissue:plasma 
concentration ratio for mAbs in certain tissues.

Materials and Methods

In silico design and characterization

In Swiss PDB Viewer, surface-exposed residues in CDRs of 
trastuzumab (PDB code: 1n8z) were identified using 30% 
solvent accessibility as the criterion. A total of 4 variants 
were manually designed by doing the following: 1) solvent- 

exposed CDR residues were all mutated to R for positive 
charge variants, and to D for negative charge variants, or 2) 
the same CDR residues were mutated to R or K for positive 
charge variants, and to D or E for negative ones, based on 
similarity in hydrophobicity or size between the parental 
residues and R/K/D/E.45 Additionally, 2000 random muta-
tions of 15 positions in the CDRs of trastuzumab to R/K or 
D/E were performed in MOE (MOE2019, Chemical 
Computing Group). Parameters regarding stability, net 
charge change, and patch size changes were calculated in 
MOE for ranking these candidate molecules. Fv charge at 
different pHs were calculated using primary sequences and 
the PROTEIN CALCULATOR v3.4 tool (http://protcalc. 
sourceforge.net/). Electrostatic surfaces of charge variants 
were calculated and rendered in PyMOL (Schrödinger) 
with the APBS plugin.

Antibody production and purification

VH and VL genes for the variants were acquired from Synbio 
Technologies, and cloned into our in-house antibody expres-
sion vector IGK-FRT. The constructed plasmids were stably 
transfected into CHO cells with the LipofectamineTM 3000 
Transfection Reagent (Thermo Fisher Scientific, cat# 
L3000015). Transfected cells were screened with 1 mg/mL 
hygromycin for 2 weeks, and the positive clones were further 
expanded in CD CHO AGT medium (Thermo Fisher 
Scientific, cat# 12490017) for 3 weeks. Media supernatants 
containing antibodies were harvested, and antibodies were 
purified using HiTrapTM Protein G HP column (GE 
Healthcare, cat# 17040501) in the NGC chromatography sys-
tem (Bio-Rad) and buffer exchanged into phosphate-buffered 
saline (PBS) for storage at 4°C. The identity and purity of the 
purified antibodies were confirmed using native and reduced 
SDS-PAGE. Concentrations of antibodies were measured 
using the NanoDrop Spectrophotometer (Thermo Fisher 
Scientific).

Cellular uptake assay

MDCK cells were seeded in 6-well plates (Corning, cat# 
353224) 1 day prior to experiments, with triplicates for each 
treatment. The media were replaced by 2 mL of 100 nM IgGs in 
media, and the cells were then incubated at 37°C for 30 min, 1, 
2, 4, 8, 24, and 48 h. At each time point, the media were 
collected, and the cells were harvested by trypsinization fol-
lowed by cold PBS wash. The cell number was counted with 
0.4% trypan blue solution in the CountessTM II FL Automated 
Cell Counter (Thermo Fisher Scientific). For every 2 × 105 cells, 
10 μL of RIPA buffer (Thermo Fisher Scientific, cat# 89901) 
containing 1× HaltTM protease and phosphatase inhibitor 
cocktail (Thermo Fisher Scientific, cat# 78441) was added to 
lyse the cells and to release intracellular IgGs. After lysis on ice 
for 90 min, the cell lysate was obtained from the supernatant 
following centrifugation at 13,000 rpm for 2 min. The media 
and cell lysate samples were kept at −20°C until ELISA 
quantification.
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Flow cytometry

MDCK cells at a density of 5 × 105 cells/tube were incubated 
with 100 μL of PBS with 0.5% BSA (PBS-BSA) containing 
100 μg/mL of IgGs on ice for 1 h. Following washing twice 
with ice-cold PBS-BSA, cells were reconstituted in 100 μL of 
cold PBS-BSA with 5 μg/mL of anti-human Fc antibody con-
jugated to R-PE (Abcam, cat# 98596) for 1 h on ice. After 
washing twice with cold PBS-BSA, cell pellets were reconsti-
tuted in 300 μL of PBS-BSA for flow cytometry in MACSQuant 
Analyzer 10 (Miltenyi Biotec). Flow cytometry results were 
analyzed and plotted in FCS Express 6 (De Novo Software).

Stability test

IgGs were prepared in mouse plasma at around 100 μg/mL or 
in 0.2 M citrate buffer (pH 5.8) at around 500 μg/mL. Three 
aliquots of 100 μL from each IgG preparation were transferred 
into individual microcentrifuge tubes, and kept in a humidified 
incubator with 5% CO2 at 37°C. At 0, 72, and 168 h, samples 
were transferred to −80°C until ELISA quantification.

Isoelectric focusing

IEF was conducted in the Pharmacia PhastSystem machine 
(Uppsala, Sweden) using precast PhastGel IEF 3–9 (GE 
Healthcare, cat# 17054301). Around 1 μL of 2–5 μg antibodies 
were loaded at the middle of the gel with the help of PhastGel 
sample applicators (GE Healthcare, cat# 18161801). IEF 
separation method was as follows: preconditioning at 2000 V, 
2.5 mA, 3.5 W, for 75 Vh; sample application at 200 V, 2.5 mA, 
3.5 W, for 15 Vh; 2000 V, 2.5 mA, 3.5 W, for 410 Vh at 15°C. 
Upon completion of electrophoresis, the gel was stained with 
the Bio-Safe Coomassie G-250 Stain (Bio-Rad, cat# 1610786) 
for 30 min, followed by brief wash in distilled water. The pI 
markers (GE Healthcare, cat# 17047101) were used to establish 
standard curves.

Circular dichroism

CD spectra of charge variants were obtained by scanning 
100 µg/mL of antibodies in PBS over 200–260 nm in JASCO 
J-815 spectrometer equipped with a digital temperature con-
troller. Unfolding of antibodies was monitored by measuring 
the ellipticity at 208 nm in a temperature range of 25–90°C, 
with a heating rate of 1°C/min and a holding time of 2 min for 
every 5°C increment.

Surface plasmon resonance

Binding of the charge variants to mouse FcRn was character-
ized on a Reichert SR7500 system (Buffalo, Ny). First, 
a carboxymethyl dextran hydrogel surface sensor chip 
(Reichert Technologies, cat# 13206066) was activated by 
a 400 mM of N-(3-dimethylaminopropyl)-N′- 
ethylcarbodiimide (EDC, Sigma-Aldrich, cat# 22980) and 
100 mM of NHS (Sigma-Aldrich, cat# 24500) solution at 
a flow rate of 25 for 8 min. Then, 15 μg/mL of mouse FcRn 
non-covalently linked with mouse beta-2-microglobulin (R&D 

Systems) in 10 mM acetate buffer (pH 5.0) was injected at 
25 μL/min for 30 s over the left channel of the chip. 
Unreacted chip surface was blocked by injecting 1 M ethano-
lamine (pH 8.5) at 25 μL/min for 10 min. After equilibrium, the 
immobilized mFcRn heterodimer intensity was determined to 
be 300 μRIU. To characterize binding kinetics at pH 6.0, PBS 
containing 0.005% Tween 20 (PBST) at pH 6.0 served as the 
running buffer and IgGs were prepared in PBST (pH 6.0) at 
a concentration range of 1–100 nM. The association and dis-
sociation times were 1.5 and 5 min, respectively. To determine 
dissociation kinetics at pH 7.4, PBST at pH 7.4 was used as the 
running buffer. IgGs in PBST (pH 6.0) at 1–100 nM were 
injected for 1.5 min and allowed to dissociate for 2 min. For 
the experiments at both pHs, the temperature of measurement 
was 25°C, the flow rate was 25 μL/min, buffer controls were run 
before each IgG series, and the regeneration condition was 
flowing PBST (pH 8.0) for 1.5 min. SPR data were fitted 
using a 1:1 Langmuir model in Scrubber 2 (BioLogic Software).

Hydrophobicity interaction chromatography

HIC was conducted in Agilent 1200 HPLC system using the 
nonporous TSKgel Butyl-NPR column (Tosoh Bioscience, cat# 
14947). IgGs were prepared as 1–2 mg/mL solutions in PBS, 
and 10 μL of each sample was injected for analysis. The mobile 
phase A was 1.5 M ammonium sulfate in 25 mM sodium 
phosphate at pH 7.0, and the mobile phase B consisted of 
75% (v/v) aqueous solution of 25 mM sodium phosphate at 
pH 6.95 and 25% isopropanol. The separation condition was 
a linear gradient of 0–100% B over 12 minutes followed by 
100% B for 6 minutes at a flow rate of 0.8 mL/min.

Biodistribution study using unlabeled IgGs

The in vivo study was approved by the institutional animal care 
and use committee (IACUC) of SUNY Buffalo (protocol# 
PHC29035Y). Male Swiss Webster mice weighing 26–30 g 
(Charles River) were injected with 10 mg/kg of IgGs via the 
penile vein. For the plasma PK study, blood samples were 
drawn from the retro-orbital sites of 3 mice at each predeter-
mined time point and collected in EDTA-coated microcentri-
fuge tubes. Blood samples were centrifuged at 2000 g for 
20 min at 4°C, and plasma was separated and stored at −80°C 
for further analysis. For the tissue PK study, at 6, 24, 72, and 
168 h, two mice were perfused followed by cervical dislocation. 
Briefly, around 1.5 mL blood was first extracted via cardiac 
puncture, then 8 mL of PBS containing 5 U/mL heparin was 
injected into the apex of the left ventricle at the rate of 2 mL/ 
min and allowed to exit via a small cut of the right ventricle. 
Heart, lung, liver, spleen, pancreas, kidney, fat, bone, muscle, 
skin and brain were harvested, blotted dry, snap frozen in 
liquid nitrogen, and stored at −80°C for further analysis.

Biodistribution study characterized in FMT

This in vivo study was approved by the IACUC of SUNY 
Buffalo (protocol# 201900042). IgGs were conjugated to 
Alexa FluorTM 680 via lysines (AF680 NHS ester, Thermo 
Fisher Scientific, cat# A20008) or cysteines (AF680 C2 
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maleimide, Thermo Fisher Scientific, cat# A20344) as per the 
manual. Male athymic nude mice (Foxn1nu/Foxn1nu) weighing 
26–28 g (The Jackson Laboratory) were injected with 10 mg/kg 
of NHS 680- or maleimide 680-conjugated IgGs. At 4, 24, 72, 
and 168 h, 2–3 mice per group were scanned under anesthesia 
in the FMT2000 in vivo imaging system (Perkin Elmer). For 
semi-quantification purpose, 2 μM of 680-IgG conjugates were 
used to calibrate the signal.

ELISA for quantification of IgGs

The sandwich ELISA for quantification of IgGs in in vitro and 
in vivo samples included the following steps: a) MaxiSorp 384- 
well plates (Thermo Scientific, cat# 464718) were coated with 
50 μL/well of 5 μg/mL F(ab’)2 goat anti-human Fc fragment 
(Bethyl Laboratories, cat# A80-248A) in 20 mM Na2HPO4 over-
night at 4°C, b) plates were blocked with 90 μL/well of 1% BSA 
at room temperature (RT) for 1 h, c) 30 μL/well of standards, 
quality control samples (QCs), and experimental samples were 
added in triplicates and incubated at RT for 2 h, d) 30 μL/well of 
200 ng/μL F(ab’)2 goat anti-human F(ab’)2 conjugated to alka-
line phosphatase (Bethyl Laboratories, cat# A80-249AP) in 
washing buffer were loaded and plates were incubated at RT 
for 1 h, e) 60 μL/well of 1 mg/mL p-nitrophenyl phosphate 
(PNPP) in 1x diethanolamine (DEA) substrate buffer was 
loaded, immediately followed by measurement of dA/dt at 
405 nm for 40 min in Filter Max F5 microplate analyzer 
(Molecular Devices). All the incubation steps at RT were per-
formed on a plate shaker. Between each step, plate wells were 
washed with washing buffer (PBS containing 0.05% Tween 20) 
for 3 times, followed by 3 washes of distilled water. Standard 
curves were fitted using 4-parameter logistic equations, and the 
typical concentration range for quantification was 1–250 ng/mL.

Separate standards and QCs were prepared for individual 
IgGs in corresponding matrices; in the same way as the experi-
mental samples were processed. Sample preparation proce-
dures varied for different applications. For the cellular PK 
study, media samples and cell lysates were diluted with PBS 
containing 0.15% BSA by 600 and 10 times, respectively. For 
the plasma PK and stability experiments, the samples were 
diluted with PBS (0.15% BSA) by 4000 times. For the whole- 
body PK study, on the day of ELISA quantification, tissue 
samples were weighted, and 400 μL RIPA buffer containing 
1× HaltTM protease and phosphatase inhibitor cocktail per 
100 mg tissue was added, which was considered as 5-time 
initial dilution. Each 5 mL centrifuge tube for homogenization 
contains seven stainless steel beads (Benchmark Scientific, cat# 
D1133-28) for skin, bone, and muscle, or 7 zirconium beads 
(Benchmark Scientific, cat# D1132-30TP) for all other tissues. 
Samples were then homogenized using Bullet Blender 
Homogenizer (Next Advance) at speed 8, which was repeated 
at least 8 times. After that, samples were kept on ice for 2 h for 
complete lysis, and centrifuged at 3900 rpm for 15 min at 4°C. 
The supernatant was collected and further diluted in RIPA 
buffer, incubated on ice for another 2 h for equilibrium prior 
to loading in ELISA plates. The overall dilution factors were 25 
for brain, pancreas, and fat; 50 for kidney, lung, muscle, and 
bone; 100 for liver and skin; 200 for spleen and heart.

ELISA for heparin binding characterization

ELISA for detecting heparin binding consisted of the following 
steps: a) Heparin-coated microplates (bioWORLD, cat# 
20140005) or untreated Nunc MaxiSorp 96-well plates 
(Thermo Fisher, cat# 442404) were blocked with 200 μL/well 
of 1% BSA at RT for 1 h; b) 50 μL/well of 0.2–50 μg/mL IgGs in 
PBS was added and incubated at RT for 1 h; c) 50 μL/well of 
200 ng/μL F(ab’)2 goat anti-human F(ab’)2 conjugated to alka-
line phosphatase (Bethyl Laboratories, cat# A80-249AP) in 
washing buffer were loaded and plates were incubated at RT 
for 1 h; d) 100 μL/well of 1 mg/mL PNPP in 1x DEA buffer was 
loaded, immediately followed by plate reading. Washing steps 
and plate reader setting were the same as mentioned above.
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