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A B S T R A C T   

Poly(ethylene glycol) (PEG) is widely employed for passivating nanoparticle (NP) surfaces to prolong blood 
circulation and enhance localization of NPs to target tissue. However, the immune response of PEGylated 
NPs—including anti-PEG antibody generation, accelerated blood clearance (ABC), and loss of delivery 
efficacy—is of some concern, especially for treatments that require repeat administrations. Although poly
glycerol (PG), which has the same ethylene oxide backbone as PEG, has received attention as an alternative to 
PEG for NP coatings, the pharmacokinetic and immunogenic impact of PG has not been studied systematically. 
Here, linear PG, hyperbranched PG (hPG), and PEG-coated polylactide (PLA) NPs with varying surface densities 
were studied in parallel to determine the pharmacokinetics and immunogenicity of PG and hPG grafting, in 
comparison with PEG. We found that linear PG imparted the NPs a stealth property comparable to PEG, while 
hPG-grafted NPs needed a higher surface density to achieve the same pharmacokinetic impact. While linear PG- 
grafted NPs induced anti-PEG antibody production in mice, they exhibited minimal accelerated blood clearance 
(ABC) effects due to the poor interaction with anti-PEG immunoglobulin M (IgM). Further, we observed no anti- 
polymer IgM responses or ABC effects for hPG-grafted NPs.   

1. Introduction 

Poly(ethylene glycol) (PEG) has been extensively studied to control 
the physicochemical properties of implants and particulates and to 
modulate biochemical interactions in physiological milieu [1–3]. The 
performance of PEG is singular in nanomedicine. In particular, as a 
surface coating for various nanoparticles (NPs), it has been shown to 
reduce nonspecific adsorption of proteins, macrophage uptake, and 
accumulation in liver and spleen and to prolong blood circulation which 
increases the chance of NP accumulation in the target tissue [4]. This 

“stealth” effect of PEG coating enables various NPs to be efficient ther
apeutic and diagnostic platforms [5]. 

However, concerns have been raised regarding the immunogenicity 
of PEGylated nanomaterials. Anti-PEG immunoglobulin M (IgM) anti
body (Ab), which is produced after administration of PEGylated drugs or 
NPs, causes accelerated blood clearance (ABC), leading to loss of ther
apeutic efficacy of subsequent doses, and can trigger complement 
activation-related pseudo-allergy (CARPA) [6–10]. Moreover, it has 
been reported that more than 72% of healthy human blood donors have 
pre-existing anti-PEG antibodies [11,12]. The loss of efficacy of 
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PEGylated therapeutics due to the presence of antibodies has been one of 
the main challenges toward clinical approval [13–16]. Thus, alternative 
polymers for NP coating with stealth properties that do not elicit an 
immune response might overcome these issues, while improving treat
ment efficacy and reducing allergic reactions induced by treatments 
involving multiple administrations [17–19]. Many potential PEG alter
natives have been developed, including poly(vinylpyrrolidone) (PVP) 
[20,21], poly(oxazoline) (POx) [22], poly(phosphoester) (PPE) [23], 
and zwitterionic polymers [24–27]. These hydrophilic polymers have 
been highlighted for their potential as PEG-alternatives that do not 
produce polymer specific antibodies or elicit ABC effect even after 
multiple administrations [21]. Despite the lack of ABC effect, most of the 
alternative polymers have been shown to be less powerful than PEG in 
terms of their stealth properties. 

Among PEG-alternative polymers, polyglycerol (PG)—composed of 
the same ethylene oxide backbone as PEG with an additional hydrox
ymethyl group attached to each repeating unit—has garnered attention 
in biomedical applications due to its anti-fouling property as well as 
chemical versatility [28,29]. Specifically, PG has been used as a coating 
on various nanomaterials enabling distinct stealth behaviors such as 
evasion of macrophage uptake and enhancement of blood circulation 
[30–32]. Furthermore, the hydroxyl groups on PG allow it to be modi
fied with multiple functional molecules including drugs, targeting li
gands, or contrast agents [33,34]. In addition, the hydroxyl groups at the 
dendritic chain ends of hyperbranched PG (hPG) can be converted to 
aldehydes to render PG-grafted NPs bioadhesive and extend the reten
tion of drug-loaded NPs in target tissue [35–37]. 

Another advantage of PG is its structural versatility based on its 
variable degree of branching, which allows for tuning of physicochem
ical properties [38,39]. Although linear PG-grafted therapeutics have 
been demonstrated to evade ABC [40,41], the impact of the structural 
differences between PG and PEG on NP coatings has not been system
atically studied. Since the stealth and Ab-inducing properties of 
polymer-grafted NPs are strongly affected by polymer length, 
end-group, structure, NP size, and the surface density of the grafted 
polymer [42–46], it is necessary to consider these physicochemical 
properties to adequately evaluate the performance of each polymer. 

In this work, we synthesized linear PG of equivalent backbone length 
and end-group as methoxy-PEG. Subsequently, we produced 
polylactide-linear polyglycerol block-co-polymer (PLA-PG) and a 
hyperbranched PG analog (PLA-hPG), and formed NPs to compare to 
PLA-PEG NPs, which have been the subject of prior clinical trials [47]. 
To rule out the effect of NP size on the pharmacokinetic behavior, we 
prepared NPs with varying surface densities of PEG, PG, and hPG with 
similar particle size. Furthermore, we evaluated their stealth properties 
based on protein adsorption, macrophage uptake, pharmacokinetic pa
rameters, and biodistribution. For immunogenicity, we examined 
anti-PEG antibody generation, antibody binding affinities, and ABC ef
fect. The results from this study broaden our understanding of the 
relationship of polymeric structure and its role in NP-coating and sug
gest design considerations for therapeutic NPs of various 
PEG-alternative compositions to achieve their therapeutic potential in 
nanomedicine. 

2. Materials and methods 

2.1. Materials and reagents 

2-methoxyethanol (99.8%, anhydrous), potassium tert-butoxide so
lution (1.0 M in THF), D,L-lactide (99%), 1,8-Diazabicyclo[5.4.0]undec- 
7-ene (DBU, >99%), aluminum chloride hexahydrate (99%), ethyl vinyl 
ether (99%), p-Toluenesulfonic acid (TsOH, 98.5%), poly(ethylene gly
col) methyl ether (mPEG, average Mn 5000), calcium hydride, and 
anhydrous solvents including diglyme (99.5%), tetrahydrofuran (THF, 
99.9%, inhibitor free) were purchased from Sigma-Aldrich. Glycidol 
(96%, Acros Organics), diatomaceous earth (Celite 545 filter aid) and 

solvents such as methylene chloride (DCM), diethyl ether, tetrahydro
furan (THF), dimethyl sulfoxide (DMSO) were purchased from Fisher 
Scientific. Deuterated solvents including D2O, acetonitile-d3, and 
DMSO‑d6 were purchased from Sigma-Aldrich. DiI fluorescent dye and 
microBCA assay kit were purchased from ThermoFisher Scientific. 
Uniblock poly(D,L-lactic acid) was purchased from Lactel Absorbable 
Polymers. 

2.2. Synthesis of ethoxyethyl glycidyl ether 

Ethoxyethyl glycidyl ether (EEGE) was synthesized by protecting the 
hydroxyl group of glycidol. Briefly, glycidol (80 g) and vinyl ethyl ether 
(400 ml) were mixed in a round-bottom flask and sealed with a septum. 
After the reaction mixture was cooled to − 40 ◦C in an acetonitrile/dry 
ice bath, 2 g of TsOH was slowly added to the flask. The solution was 
stirred overnight, letting the reactor temperature increase to room 
temperature. The crude product was washed three times with saturated 
sodium bicarbonate solution in a separation funnel and the organic layer 
was dried with magnesium sulfate. Residual ethyl vinyl ether was 
removed using a rotary evaporator and purified EEGE was obtained by 
vacuum distillation with calcium hydride drying agent. 

2.3. Synthesis of PLA-PG block-co-polymer 

Synthesis of PLA-PG consists of the following three steps: (1) syn
thesis of poly(ethoxyethyl glycidyl ether) PEEGE by ring-opening poly
merization of EEGE, (2) polymerization of lactides on PEEGE as 
macroinitiator, and (3) selective deprotection of hydroxyl group on 
EEGE to convert PEEGE to PG. 

2.3.1. Synthesis of PEEGE 
To a Schlenk flask with rare earth magnetic stir bar, anhydrous 2- 

methoxyethanol (1 mmol, 76 mg), potassium tert-butoxide solution 
dissolved in THF (1 mmol, 1.0 ml), and anhydrous diglyme (1.0 ml) 
were transferred using syringes under argon atmosphere. The mixture 
reacted under argon over 20 min at 50 ◦C. Diglyme was removed via 
vacuum distillation over 2 h at 80 ◦C, and the reaction vessel was cooled 
back down to 50 ◦C. Additional 2-methoxyethanol (1 mmol, 76 mg) and 
1 ml of diglyme were added to the dried flask to obtain a transparent 
solution. Purified and dried EEGE (220 mmol, 32.2 g) was added 
dropwise with a syringe pump (1.6 ml⋅h− 1) to minimize self-initiation of 
monomers and obtain monodisperse polymers with the targeted mo
lecular weight. The reaction proceeded for an additional 24 h and was 
then allowed to cool to room temperature. Anhydrous THF (32 ml) was 
transferred to the flask to dilute PEEGE (30 mM) and reduce the vis
cosity of the polymer solution. 

2.3.2. Ring-opening polymerization of lactide on PEEGE 
A Schlenk flask with 3.6 g (0.5 mol) of D,L-lactide was prepared and 

purged with argon to obtain an inert atmosphere. Anhydrous THF (60 
ml) was transferred to the flask using a cannula and then stirred using a 
magnetic stirrer. After the lactide was fully dissolved, PEEGE solution in 
THF was rapidly added to the flask. Depending on the target molecular 
weight of PLA, the amount of added PEEGE solution was adjusted. For 
example, for 8 kDa-PLA, 0.45 mmol of PEEGE was used (equivalent to 
15 ml of polymer solution). Subsequently, DBU (0.225 mmol, 34 mg) 
was added to the reaction mixture under argon. The reaction was 
quenched by adding benzoic acid. The reaction time was determined by 
monitoring the conversion rate of lactide to PLA calculated from 1H 
NMR of the reaction mixture. In particular, the reaction time was varied 
from 30 min to 12 h depending on the amount of macroinitiator and 
catalyst added. After the reaction, two-thirds of the solvent were 
removed using a rotary evaporator followed by the addition of methanol 
to dilute the PLA-PEEGE solution with THF/methanol. 
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2.3.3. Selective deprotection of hydroxyl group on PG 
0.72 mmol of AlCl3 dissolved in methanol (0.2 M) (0.495 mmol (1/ 

100 of [EEGE]) + 0.225 mmol for DBU) was added to the reaction vessel 
and stirred for 30 min. Subsequently, the crude product was filtered 
through Celite to remove the acid catalyst. DCM and methanol were 
used to dissolve and wash out polymer from Celite. The solvent was 
removed from the filtrate by rotary evaporation and the polymer was 
precipitated in cold diethyl ether. The precipitate was redissolved in 
DCM/methanol (5:1) mixed solvent, precipitated in cold diethyl ether, 
and dried under vacuum. 

2.4. Synthesis of mPEG-PLA block-co-polymer 

mPEG-PLA block-co-polymers were synthesized by ring-opening 
polymerization of lactide at room temperature using mPEG as macro
initiator and DBU as catalyst. Prior to polymerization, residual water in 
mPEG was removed by azeotropic distillation in toluene. Dried mPEG 
(0.60 mmol, 3.0 g) and lactide (33.4 mmol, 4.8 g) were transferred to a 
flask and dissolved in 40 ml DCM under argon atmosphere. After the 
precursors were fully dissolved, DBU (0.3 mmol, 46 mg) was added to 
the flask. Polymerization was allowed to proceed for 30 min and stopped 
via addition of benzoic acid (1.0 mmol). The polymer was purified via 
precipitation in cold diethyl ether, washed three times, and the final 
product was dried under vacuum. The ratio of initiator, monomer, and 
catalyst was changed depending on the target molecular weight of PLA. 

2.5. Characterization of the polymers 

Proton nuclear magnetic resonance (1H NMR) spectra were obtained 
using an Agilent DD2 400 MHz spectrometer. The molecular weights of 
all polymers were measured by gel permeation chromatography (GPC) 
using an Ultimate 3000 UHPLC system (Thermo Fisher Scientific) 
equipped with a TREX refractive index detector (Wyatt Technologies) 
and a Malvern CLM1020 column at 50 ◦C. Dimethylformamide with 1.0 
g⋅L− 1 of lithium bromide was used as the eluent at a flow rate of 0.4 
ml⋅min− 1. Molecular weights were obtained based on the calibration 
curves from PEG or polystyrene standards (Agilent). 

2.6. Preparation of NPs with controlled surface density 

PLA-PEG and PLA-PG NPs were prepared by nanoprecipitation. 
Briefly, polymer solutions dissolved in 50% acetonitrile and 50% 
methanol (v/v) were prepared with different composition of uniblock 
PLA and diblock-co-polymer (PLA-PEG or PLA-PG) and added dropwise 
to 3–7 ml of water under stirring. The ratio of polymers was controlled to 
obtain the desired size and surface density, adapted from published re
ports [42]. To afford uniform NPs, the polymers should be fully dis
solved in organic solvent. Since PLA-PG cannot be fully dissolved in 
acetonitrile, a polar solvent such as methanol was also added to the 
polymer solution before nanoprecipitation. PLA-hPG was prepared 
following a previously published method [30]. PLA-hPG NP1 was pre
pared in the same manner as PLA-PEG and PLA-PG via nano
precipitation. PLA-hPG NP2 was prepared by a single emulsion method 
using ethyl acetate as the immiscible organic solvent to form uniform 
NPs. To prepare fluorescent NPs, DiI solution (DMSO, 10 mg⋅ml− 1) 
equivalent to 0.3 wt% of polymer was added to the polymer solution. 
Additional details of the NP preparation methods are described in 
Table S3 and S4. 

2.7. Characterization of NPs and calculation of surface density 

Hydrodynamic size and ζ-potential were measured using a Malvern 
Zetasizer nano ZS. To quantify the percentage of solvated hydrophilic 
polymer (PEG, PG, hPG) on the NP surface, NPs in H2O were washed 
with D2O containing internal standard (0.75 wt% trimethylsilyl prop
anoic acid, TMSA) four times using filter centrifugation (Amicon® Ultra- 

2 Centrifugal Filter Unit, MWCO 100 kDa, 2 ml, Millipore). 
After obtaining 1H NMR spectra, the solutions were transferred to 

vials and 2-fold of DMSO‑d6 and 1-fold of acetonitrile-d3 were added in 
order to fully dissolve the hydrophobic PLA core. The dissolved polymer 
solution was then analyzed via 1H NMR again. To calculate the exposure 
ratio, the relative integration of PEG/PG/hPG to TMSA obtained in D2O 
was divided by the relative integration of fully dissolved polymers to 
TMSA. The weight ratio of hydrophilic polymers in NPs were quantified 
from the spectra of fully dissolved polymers solution. By multiplying the 
exposure ratio to the weight ratio, exposed PEG/PG/hPG wt% can be 
evaluated. 

The surface density of hydrophilic polymer on NPs was calculated 
using the following equation, published elsewhere [42]. 

PEG(PG)surface density=
exposed PEG(PG)wt% × V × ρ × NA

PEG(PG)MW × S 

Z-average dynamic light scattering (DLS) size was used to calculate 
average surface area (S) and volume (V). The weight ratio and percent of 
exposed hydrophilic polymer was evaluated by 1H NMR to calculate the 
average number of polymers per NP. The density (ρ) of polymeric par
ticles was estimated as 1.2 g⋅cm− 3. NA is Avogadro’s number. 

2.8. Cryo-transmission electron microscopy (TEM) imaging of NPs 

Quantifoil holey carbon 300 mesh copper grids (Electron Microscopy 
Sciences) were glow-discharged to render them hydrophilic using a 
PELCO easiGLOW. A FEI Vitrobot cryo plunger (ThermoFisher Scienti
fic) was used to vitrify NPs (20 mg⋅ml− 1 in water, 3.5 μl per grid) in 
liquid ethane. Sample grids were stored in liquid nitrogen and trans
ferred to a cryo grid holder (Gatan 626) for imaging. After inserting the 
grid holder into a FEI Talos L120C (ThermoFisher Scientific) TEM 
operated at an acceleration voltage of 120 kV, cryo-TEM were obtained 
under low dose conditions at − 2 μm defocus. 

2.9. Protein adsorption using microBCA assay 

1 ml of NP solution (2 mg⋅ml− 1, phosphate buffered saline (PBS) pH 
7.4) was mixed with fetal bovine serum (FBS) and gently shaken at 37 ◦C 
for 1 h. The mixture was centrifuged for 1 h at 20,000 g and 4 ◦C, and 
pellets were washed three times with PBS. To release protein adsorbed to 
the NP surface, the pellets were resuspended in 50 μl surfactant buffer 
(4% Triton X-100 and 2% sodium dodecyl sulfate) and sonicated for 15 
min. A MicroBCA protein assay kit (ThermoFisher, USA) was used to 
analyze the protein concentration. The standard curve for the microBCA 
assay was obtained using bovine serum albumin (BSA) standards diluted 
with PBS containing lysis buffer at the same final concentration as the 
samples. 

2.10. LC-MS/MS analysis of proteins corona adsorbed on NPs 

To obtain the murine plasma, blood collected with an EDTA-coated 
tube from 6-week old female BALB/c mice was centrifuged for 30 min 
at 8000 g at 4 ◦C. NPs (5 mg) in solution at 50 mg⋅ml− 1 were mixed with 
500 μl of collected plasma and incubated at 37 ◦C while shaking at 120 
rpm for 1 h. NPs and adsorbed proteins were collected, washed with PBS 
two times, and pelleted by centrifugation for 6 h at 20,000 g at 4 ◦C. 
After the NPs were resuspended in distilled water, 0.5 ml acetone and 1 
ml of acetonitrile were added to fully dissolve NPs and precipitate 
proteins. The samples were spun for 30 min at 3000 g at 4 ◦C and su
pernatant containing polymer removed. The remaining protein pellets 
were washed twice with cold acetonitrile and dissolved in ammonium 
bicarbonate buffer (50 mM) containing 1% sodium deoxycholate. The 
protein samples were sent to Yale Mass Spectrometry & Proteomics 
Resource of the W.M. Keck Foundation Biotechnology Resource Labo
ratory for mass spectrometry analysis. 
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2.10.1. In solution protein digestion 
Protein samples dissolved in 50 mM ammonium bicarbonate with 

1% sodium deoxycholate were concentrated by SpeedVac to 100 μl (~3 
fold). The proteins were reduced by the addition of 1/10 volume of 45 
mM dithiothreitol (Thermo Scientific) and incubation at 37 ◦C for 30 
min, cooled to room temperature, then alkylated with the addition of 1/ 
10 volume of 110 mM iodoacetamide (Sigma-Aldrich) with incubation 
in the dark at room temperature for 30 min. Proteins were then acetone 
precipitated at − 20 ◦C overnight using standard protocols. Protein 
pellets were dissolved and denatured in 8 M urea, 0.4 M ammonium 
bicarbonate, pH 8. The urea concentration was adjusted to 2 M by the 
addition of water prior to enzymatic digestion at 37 ◦C with trypsin 
(Promega) for 3 h, followed by an additional addition of trypsin prior to 
overnight digestion at 37 ◦C. Samples were acidified by the addition of 
1/40 volume of 20% trifluoroacetic acid, then desalted using Bio
PureSPN Mini PROTO 300C18 columns (The Nest Group) following the 
manufacturer’s directions with peptides eluted with 0.1% TFA, 80% 
acetonitrile. Eluted peptides were speedvaced dry and dissolved in MS 
loading buffer (2% acetonitrile, 0.2% trifluoroacetic acid). A nanodrop 
measurement (Thermo Scientific Nanodrop 2000 UV–Vis Spectropho
tometer) determined protein concentrations (A260/A280). Each sample 
was then further diluted with MS loading buffer to 0.06 μg⋅μl − 1, with 
0.3 μg (5 μl) injected for LC-MS/MS analysis. 

2.10.2. LC-MS/MS on the Thermo Scientific Q Exactive Plus 
LC-MS/MS analysis was performed on a Thermo Scientific Q Exactive 

Plus mass spectrometer equipped with a Waters nanoAcquity UPLC 
system utilizing a binary solvent system (A: 100% water, 0.1% formic 
acid; B: 100% acetonitrile, 0.1% formic acid). Trapping was performed 
at 5 μl⋅min− 1, 99.5% Buffer A for 3 min using an ACQUITY UPLC M-Class 
Symmetry C18 Trap Column (100 Å, 5 μm, 180 μm × 20 mm, 2G, V/M; 
Waters, #186007496). Peptides were separated at 40 ◦C using an 
ACQUITY UPLC M-Class Peptide BEH C18 Column (130 Å, 1.7 μm, 75 
μm × 250 mm; Waters, #186007484) and eluted at 300 nl⋅min− 1 with 
the following gradient: 3% buffer B at initial conditions; 5% B at 2 min; 
25% B at 140 min; 40% B at 165 min; 90% B at 170 min; 90% B at 180 
min; return to initial conditions at 182 min. MS was acquired in profile 
mode over the 300–1700 m/z range using 1 microscan, 70,000 resolu
tion, AGC target of 3E6, and a maximum injection time of 45 ms. Data 
dependent MS/MS were acquired in centroid mode on the top 20 pre
cursors per MS scan using 1 microscan, 17,500 resolution, AGC target of 
1E5, maximum injection time of 100 ms, and an isolation window of 1.7 
m/z. Precursors were fragmented by HCD activation with a collision 
energy of 28%. MS/MS were collected on species with an intensity 
threshold of 1E4, charge states 2–6, and peptide match preferred. Dy
namic exclusion was set to 30 s. 

2.10.3. Peptide identification and data processing 
Data was analyzed using Proteome Discoverer software v2.5 

(Thermo Scientific). Data searching was performed using the Mascot 
algorithm (version 2.8.0) (Matrix Science) against the SwissProt data
base with taxonomy restricted to Mus musculus (17,114 sequences). The 
search parameters included tryptic digestion with up to 2 missed 
cleavages, 10 ppm precursor mass tolerance and 0.02 Da fragment mass 
tolerance, and variable (dynamic) modifications of methionine oxida
tion and carbamidomethyl cysteine. Normal and decoy database 
searches were run, with the confidence level set to 95% (p < 0.05). 
Scaffold (version Scaffold_5.0, Proteome Software Inc.) was used to 
validate MS/MS based peptide and protein identifications. Peptide 
identifications were accepted if they could be established at greater than 
95.0% probability by the Percolator posterior error probability calcu
lation. Protein identifications were accepted if they could be established 
at greater than 99.0% probability and contained at least 2 identified 
peptides. Top 100 abundant identified proteins were presented and used 
to calculate the normalized compositions. 

2.11. Cellular uptake of NPs 

Murine macrophage cells RAW 264.7 purchased from ATCC were 
thawed and cultured in a T75 flask containing Dulbecco’s Modified 
Eagle’s Medium (DMEM) with 10% FBS and 1% penicillin/streptomycin 
(P/S) at 37 ◦C in a 5% CO2 humidified atmosphere. To 24-well tissue 
culture plates, 0.5 ml of cell suspension (105 cell⋅ml− 1) was added to 
each well and incubated for 24 h. The original DMEM medium was 
replaced with fresh culture medium containing 200 μg⋅ml− 1 of fluores
cent NPs. The cells were further incubated at 37 ◦C for 24 h and rinsed 
three times with cold sterile PBS. After treatment with trypsin, the cells 
were collected, resuspended in FACS buffer (2% BSA in PBS), and run 
directly on the flow cytometer (Attune NxT). 

2.12. Pharmacokinetic analysis 

All animal procedures were performed in accordance with the 
guidelines and policies of the Yale Animal Resource Center and 
approved by the Institutional Animal Care and Use Committee of Yale 
University. Female C57Bl/6J mice aged 6- to 8-weeks old were pur
chased from Jackson Laboratory. Mice were anesthetized using an iso
flurane chamber. Fluorescent NPs (20 mg⋅kg− 1) were intravenously 
administered via retro-orbital injection and a small tail nick was made 
with a sterile blade. The concentrations of NPs in blood were obtained 
by employing a high-throughput quantitative microscopy-based half-life 
measurement which has been previously published [48]. Briefly, 2 μl of 
blood samples were collected at 0.5, 1, 2, 4, 8, 12, 24, and 48 h after 
administration with a micropipette from the tail nick. Collected blood 
samples were diluted in pre-made solution containing 2 μl of heparin 
solution (1000 USP⋅ml− 1) and 8 μl of PBS in heparinized tube, followed 
by flash-freezing on dry ice. A calibration curve was obtained by spiking 
heparin solutions containing freshly collected blood from non-treated 
mice with a known concentration of NP solution followed by serial 
dilution from 0 to 500 μg⋅ml− 1 of NPs. The diluted blood samples and 
standards were transferred to a 384-well plate and imaged with an EVOS 
FL Auto 2 Cell Imaging System, with standard RFP filters and Olympus 
superapochromat 20×/0.75 NA objective. Images were processed to 
obtain mean fluorescence intensity and these values were converted to 
concentration of NPs using a standard curve. 

Pharmacokinetic parameters were calculated using non
compartmental analysis. Area under the concentration-time curves 
(AUC0–48h) were calculated via the trapezoidal method from 0 to 48 h. 
The half-life (t1/2) and elimination rate (ke) were assessed by non-linear 
first order exponential decay fitting of the blood concentration vs time 
curve from 30 min to 48 h time point. The apparent initial concentration 
(C0) was determined from the y-intercept of the first order exponential 
decay curve. 

2.13. Endothelial cell adsorption of NPs 

Human umbilical vein endothelial cells (HUVECs) were obtained 
from the Yale Vascular Biology and Therapeutics tissue culture core. 
HUVECs pooled from three donors were isolated from fresh umbilical 
veins by collagenase digestion and cultured on 0.1% gelatin-coated 
flasks containing M199 medium (Gibco) supplemented with 20% FBS, 
1% P/S, and 1% endothelial cell growth supplement. To 96-well tissue 
culture plates coated with gelatin, 0.1 ml of cell suspension (105 

cell⋅ml− 1) was added to each well and incubated for 24 h. The medium 
was replaced with 100 μl of NPs solution (2.5 mg⋅ml− 1) dispersed in PBS 
containing different FBS concentration (0%, 10%, 25%, 50%). To 
quantify association of NPs with cellular membrane rather than 
phagocytosis and micropinocytosis, NP solutions were removed after 5 
min of incubation, and rapidly rinsed with Hank’s balanced salt buffer 
three times. The cells were detached from well plate by TrypLE (Gibco), 
collected, and resuspended in FACS buffer (2% BSA in PBS), and run 
directly on the flow cytometer (Attune NxT). 
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2.14. Biodistribution 

After blood collection at the 48 h time point, the animals were 
sacrificed and perfused transcardially with heparinized PBS (10 
U⋅ml− 1). Organs (lungs, liver, spleen, and kidneys) were harvested and 
stored below − 70 ◦C. Whole lungs, spleen, kidneys, and 200–300 mg of 
liver tissue were homogenized separately by a Precellys® tissue ho
mogenizer. To a 2 ml size bead tube, 1 ml of 5 wt% Triton-X solution and 
500 μl of ethyl acetate (EA) were added together for simultaneous 
extraction. After centrifuging the tubes (10 min, 20,000 g), 300 μl of the 
clear top EA layer containing hydrophobic fluorescent dye (DiI) and 
Triton-X were collected and transferred to a clean tube. EA was evapo
rated using a vacuum concentrator for 1 h and 500 μl of DMSO was 
added to the tube to dissolve DiI completely. 

Two of each group of organs (lungs, liver, spleen, and kidneys) were 
collected from control mice, and 5 μg (1 ID%, 10 μl) of NPs were added 
to one group (positive control). Both control organ groups and treated 
organs were handled in the same manner. 200 μl of DMSO containing 
extracted dye and lipophilic tissue lysate was transferred to 96-well 
plates for measurement of the fluorescence intensity. Standard curves 
of dye were obtained from serial dilution (1 μg⋅ml− 1 to 0.24 ng⋅ml− 1) in 
DMSO containing Triton-X (6 wt%). The fluorescent intensities of sam
ples and positive control groups were subtracted from the fluorescent 
intensity of negative control group with auto-fluorescent lipophilic 
lysate. The dye concentrations extracted from sample tissue and control 
tissue were calculated from the corrected fluorescence intensity using 
the standard curve. 

To minimize the differences in extraction efficiency and actual 
encapsulation ratio among NPs, NP amount in tissue was converted 
using the conversion factor described below. 

NP in tissue = concentration of dye extracted from sample tissue

× conversion factor  

Conversion factor =
Amount of NPs added in control (5 μg)

concentration of dye extracted from control tissue 

Since the DiI dye is extremely hydrophobic, single extraction was 
enough to collect more than 99.5% of the initial concentration. The dye 
concentration in the top layer was proportional to the amount of NP 
added, allowing cacluation of the total amount of dye. 

2.15. Quantification of Anti-PEG IgM antibodies 

The concentration of anti-PEG IgM antibodies was assessed with an 
ELISA kit (Mouse Anti-PEG IgM Mouse ELISA kit, PEGM-1, Life Di
agnostics Inc.) following the manufacturer’s protocol. Mice were anes
thetized using an isoflurane chamber before blood collection. Around 
50 μl of blood were collected from the retro-orbital sinus using a 
capillary tube and transferred to a 1.6 ml-tube and clotted for over 10 
min at room temperature. The serum was obtained after centrifugation 
at 8000 g and diluted 1000-fold. Each diluted sample and anti-PEG IgM 
standards were transferred and incubated in an ELISA plate for 1 h on an 
orbital shaker at room temperature. After washing the wells 5 times, 
anti-mouse IgM HRP were added as described in the manufacturer 
protocol. After 30 min, the plate was washed again and TMB reagent was 
added to each well for 20 min with gentle shaking in the dark. The color 
development was stopped with the addition of stop reagent. The 
absorbance of each well was read at 450 nm with a plate reader and the 
concentration of anti-PEG IgM antibody was calculated using a standard 
curve. 

2.16. ELISA with polymer-coated well 

PLA8k-PEG5k and PLA8k-PG8k were completely dissolved with 
acetonitrile and methanol (5 mg⋅ml− 1). 50 μl of polymer solution were 

added to a 96-well plate and dried in a vacuum oven at 50 ◦C. Next, 200 
μl of blocking buffer (1% BSA, 50 mM Tris/HCl pH 8.0, 0.14 M NaCl) 
were added and incubated over 1 h. TBS (50 mM Tris/HCl pH 8.0, 0.14 
M NaCl) without surfactant was used to wash the well-plate three times. 
After preparation of the polymer coated well plates, ELISAs were con
ducted using the same protocol and reagents described above, except 
with a different dilution factor (1:500). To verify polymer-coating on 
plate wells, various concentrations of anti-PEG IgM standards (PEGM-1, 
Life Diagnostics Inc.) and isotype mice IgM controls (ThermoFisher) 
were analyzed. 

2.17. Competitive ELISA 

PLA-PEG NP3, PLA-PEG NP5, methoxy-PEG5k, PLA-PG NP3, PLA-PG 
NP5, PG8k were incubated in dilution buffer containing anti-PEG IgM 
standard (10 U⋅ml− 1) for 15 min at different final concentrations of PEG 
and PG. The solution was added to BSA-PEG coated plates (Life Di
agnostics Inc.) and an anti-PEG ELISA was conducted as described 
above. Identical concentrations of anti-PEG IgM standard solutions 
without competitor were used as control for normalization. The serum of 
mice immunized with PLA-PEG NP5 or PLA-PG NP5 were collected, 
diluted, and incubated with PLA-PEG NP5, PLA-PG NP5, or PLA-hPG 
NP2 at different hydrophilic polymer concentration followed by ELISA 
conducted in the same manner. 

2.18. Animal study on accelerated blood clearance (ABC) 

Male BALB/C mice aged 8 weeks were ordered from Jackson Labo
ratory. To induce anti-PEG antibody generation and accelerated blood 
clearance, non-fluorescent NPs (1, 5, 10, or 20 mg⋅kg− 1 of doses for PLA- 
PEG NP5 and PLA-PG NP5 and 10 mg⋅kg− 1 dose for PLA-PEG NP3, PLA- 
PG NP3, and PLA-hPG NP2) were prepared and administered. After 7 
days, the serum was collected, and the concentration of anti-PEG IgM 
antibodies was measured. The same dose of fluorescent NP solutions 
were administered (1, 5, or 10 mg⋅kg− 1), and pharmacokinetics were 
assessed as previously described. The ratio of anti-PEG IgM and NPs was 
calculated using the weight-averaged molar mass of NPs obtained by 
static light scattering (Dawn Heleos II, Wyatt Technology). 

2.19. Statistical analysis 

Results were analyzed using Origin (version 2020b 64-bit). Data are 
presented as mean ± standard deviation (SD) of at least three inde
pendent experiments. One-way ANOVA with Tukey’s multiple com
parisons test was used where appropriate. Values were considered 
significantly different at p < 0.05. 

3. Results and discussion 

3.1. Synthesis and characterization of PLA-PG block-co-polymer 

Synthesis of PLA-PG was performed in three steps: (1) synthesis of 
poly(ethoxyethyl glycidyl ether) (PEEGE), (2) polymerization of lactides 
on PEEGE as macroinitiator, and (3) selective deprotection of hydroxyl 
group on EEGE to convert PEEGE to PG (Fig. S1). We synthesized PG 
with a similar degree of polymerization (DP) as 5 kDa PEG, a common 
molecular weight of PEG in biomedical applications for polymeric NP 
coating, since 5 kDa PEG has been repeatedly shown to enhance the 
blood circulation half-life of NPs compared to other molecular weights 
[44,49,50]. 

The synthesis of linear PG was performed by ring-opening poly
merization with ethoxyethyl glycidyl ether (EEGE, hydroxyl group- 
protected glycidol) as a monomer, which prevented the formation of 
branches during chain propagation. To directly compare linear PG to 
methoxy-PEG, we chose 2-ethoxymethanol as the initiator. The molec
ular weight and polydispersity of PEEGE was controlled by adapting 
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previously published synthetic methods [51,52]. After the deprotection 
of acetal groups on PEEGE, PG was obtained with a DP of 100, similar to 
5 kDa PEG with a DP of 113. Gel permeation chromatography (GPC) 
results showed that the size of PEG and PG are comparable with both 
exhibiting a narrow molecular weight distribution (Đ < 1.15, Table S1). 
PLA-PG was synthesized with PEEGE as a macroinitiator via 
ring-opening polymerization. A mild Lewis acid (aluminum chloride in 
methanol) was used for the deprotection of hydroxyl groups on PG to 
prevent the degradation of PLA by acid-mediated hydrolysis (Fig. S2) 
[53]. To prepare a series of NPs with controlled surface density and size, 
PLA-PG and PLA-PEG were synthesized with three different lengths of 
PLA and characterized by 1H NMR spectroscopy and GPC (Fig. S3, 
Table S1). 

3.2. Preparation and characterization of PLA-PEG NPs, PLA-PG NPs, 
and PLA-hPG NPs 

We prepared a library of 90 nm-sized NPs with varying surface 
densities of PEG or PG via a previously reported co-precipitation method 
using a mixture of amphiphilic block-co-polymer (PLA-PEG or PLA-PG) 
and hydrophobic homopolymer (PLA) (Table S2, S3, and Fig. 1) [42,54]. 
In total, five different formulations of PLA-PEG NPs and PLA-PG NPs 
with varying PEG/PG contents were prepared. The average hydrody
namic sizes (Dh) were all within 80–100 nm (Fig. 1D). To probe the 
influence of surface coverage, stealth property, and immunogenicity 
caused by structural differences of PG, two PLA-hPG NPs were also 
prepared and characterized (Fig. 1B, Table S3). The PLA-hPG block-
copolymer was synthesized by conjugating PLA to hPG, and PLA-hPG 
NP2 was prepared by single emulsion method, according to our prior 
reports [30]. PLA-hPG NP1 was prepared by nanoprecipitation with PLA 
homopolymer to obtain NPs with less hPG on the NP surface. Surface 
zeta potentials of all NPs were slightly negative ranging from − 25 mV to 
− 10 mV and trended toward neutral with greater PEG or PG surface 
coverage (Fig. S4). In addition, cryo-TEM imaging confirmed that all of 
the NPs (PLA-PEG, PLA-PG, and PLA-hPG) were spherical in shape 
(Fig. S5). 

The surface density of hydrophilic polymer on each NP preparation 
was calculated based on the amount of PEG/PG/hPG exposed on the NPs 
surface in aqueous suspension by 1H NMR spectroscopy (Fig. 1C). Since 
the solid PLA core and any embedded PEG/PG/hPG cannot be detected 
in 1H NMR, we were able to selectively obtain signals from the solubi
lized hydrophilic polymer corona of the NPs suspended in D2O. The 
NMR spectra of NPs in D2O were compared to respective spectra of NPs 
fully dissolved by addition of organic solvent (acetonitrile-d3 and 
DMSO‑d6) to quantify the exposed hydrophilic polymer with respect to 
that incorporated in NPs (Fig. S5). The exposure ratio, the fraction of 
hydrophilic polymer exposed on the NP surface, was evaluated by 
comparing relative intensities of hydrophilic polymer of both 1H NMR 
spectra (Fig. 1E). 

Due to the solubility differences of PLA versus PG/PEG in water and 
the self-assembly process during nanoprecipitation, more than 80% of 
PEG and PG was found to be exposed in the corona for all PLA-PEG and 
PLA-PG NPs. Interestingly, PLA-hPG NP1 prepared by nanoprecipitation 
showed a lower exposure ratio of 67%, whereas the exposure ratio for 
PLA-hPG NP2 prepared via single emulsion method was 83%, indicating 
more favorable orientation of hPG toward the aqueous phase. It is 
possible that the bulky and inflexible hPG dendrimers are prone to being 
trapped inside the NP core during the rapid formation of NPs by nano
precipitation, resulting in a significant amount of hPG not being fully 
exposed outward as a corona. The exposed PEG and PG contents in the 
NPs strongly correlated with the initial wt% of polymer precursor used 
in nanoprecipitation (Fig. 1F), suggesting that linear hydrophilic poly
mers, which are flexible, may prefer to be oriented outwards during 
nanoprecipitation. The surface density was quantified according to 
previous publications, based on the size of NPs, molecular weight of 
hydrophilic polymer, and weight percentage of exposed hydrophilic 
polymers obtained from 1H NMR [42,55,56]. The surface density of PEG 
and PG on NPs varied between 10 and 60 polymer chains per 100 nm2 

and the surface density of hPG dendrimers on NPs varied between 28 
and 44 per 100 nm2 (Fig. 1G). 

In addition, we prepared PLA-PG and PLA-PEG NPs of smaller and 
larger sizes to compare the effect of PG and PEG on pharmacokinetics in 

Fig. 1. Preparation and characterization of PEG- or PG-grafted PLA NPs having various polymer surface density. (A) Structure of grafting polymers PEG, PG, and 
hPG. (B) Fabrication of PLA-PEG, PLA-PG, and PLA-hPG NPs via nanoprecipitation with PLA-PEG, PLA-PG, PLA-hPG, with varying amounts of PLA. (C) Quantifi
cation of surface polymers using 1H NMR spectroscopy in different solvents. (D) Size of PLA-PEG NPs (left), PLA-PG NPs (middle), and PLA-hPG NPs (right). (E) 
Exposure ratio of PEG (right), PG (middle), and hPG (right) in the corona. (F) Analysis of surface polymer contents incorporated in NPs using 1H NMR spectroscopy 
depending on the contents of PEG, PG, and hPG in the polymer precursor. (G) Surface density of PEG, PG, or hPG in respective NPs. 
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different NP size regimes (Table S4, Fig. S6). NP of approximately 40 nm 
in size (PLA-PEG-s and PLA-PG-s) were prepared by nanoprecipitation 
without additional PLA homopolymer. Conversely, by increasing the 
amount of PLA homopolymer, we were able to obtain NPs close to 150 
nm in size (PLA-PEG-L and PLA-PG-L). The surface densities of small NPs 
(39 PEG per 100 nm2 for PLA-PEG-s, 26 PG per 100 nm2 for PLA-PG-s) 
and large NPs (26 PEG per 100 nm2 for PLA-PEG-L, 15 PG per 100 nm2 

for PLA-PG-L) are in the same range as that of the 90-nm sized NPs 
(10–60 per 100 nm2). 

3.3. Protein adsorption and cellular uptake 

As a representative indicator of the stealth property of polymeric 
coating on NPs, prevention of protein adsorption and antifouling effect 
was evaluated [57–59]. After incubation of NPs in fetal bovine serum 
(FBS), the total amount of protein adsorbed onto NPs was analyzed. 
Similar to the results in the literature, higher PEG surface density 
resulted in less protein adsorption with smaller differences for NPs with 
denser PEG coronas (Fig. S7) [54,58–60]. This nonlinear trend was also 
observed for PG-grafted NPs. Fewer serum proteins adsorbed onto 
PLA-PG NPs compared to PLA-PEG NPs at low surface density (10 chains 
per 100 nm2), however at high surface density, PLA-PEG NPs showed 
less protein adsorption than PLA-PG NPs. 

The composition of proteins on the NP surface has emerged as a 
dominant factor in the pharmacokinetics of NPs [61,62], since the 
proteins adsorbed on NPs are known to be key for opsonization or im
mune cell recognition [42,63]. Even though the total amount of protein 
adsorbed on NPs is an indicator of a polymer’s anti-fouling effect, the 
composition and adhesion of complement proteins and immunoglobu
lins are also important to understand the stealth property and its 
contribution to pharmacokinetics [58]. To further characterize the effect 
of PEG, PG, and hPG on the NP surface, we examined the protein corona 
on NPs with different densities of PEG, PG, or hPG (Table S5). The 
composition of adsorbed proteins was categorized by function and mo
lecular weight (Fig. S9); the surface density of grafted polymers affected 
the protein ratios more than the identity of grafted polymer. The fraction 
of apolipoproteins adsorbed on PLA-PEG and PLA-PG NPs decreased as 
the density of PEG or PG on the NP surface increased. PEG and PG were 
equally effective in decreasing apolipoprotein adsorption (Fig. S10A). 
PLA-hPG NP2 exhibited the lowest ratio of apolipoprotein among all 
samples. This is consistent with the amphiphilic nature of apolipopro
teins, resulting in more adsorption on bare hydrophobic PLA surfaces 
than on surfaces coated with stealthy polymers [42,61]. 

The adsorption of complement proteins and immunoglobulins is also 
potentially important, because of their role in recognition by immune 
cells and NP clearance. The ratio of immunoglobulins did not change 
significantly with PEG or PG surface density, but PLA-hPG NP2 had a 
significantly higher level of immunoglobulin adsorption (Fig. S10C). 
Complement protein adsorption was significantly higher for PLA-PG 
NP1 and PLA-hPG NP2 than any of the other NPs. Interestingly, for 
linear PG grafted on the NP surface at a density higher than 20/100 nm2, 
the ratio of complement proteins adsorbed on PLA-PG NPs was similar to 
that on PLA-PEG NPs (Fig. S10B). For PLA-PEG NP5 and PLA-PG NP5, 
which had the highest density of linear polymers grafted, the ratios of 
immunoglobulin and complement proteins adsorbed were slightly 
greater than for NPs with lower PG or PEG density. 

Specifically analyzing the composition of each adsorbed protein 
between PEG and PG NPs showed that the difference among adsorption 
ratios of individual proteins was largest at the lowest surface density of 
PEG or PG (Fig. S11A); their compositions became similar as more linear 
polymers were grafted on NPs surface. Apolipoprotein E, which has been 
suggested to act as a dysopsonin on NPs [61], was found slightly more in 
PLA-PEG NPs than PLA-PG NPs, especially when the surface densities of 
grafted polymers were low (NP1 and NP3). The adsorption of clusterin, 
which has also been shown to act as a dysopsonin on NPs [64], was 
reduced at high surface densities of both PEG and PG-grafted NPs, 

following the decrease in overall apolipoprotein. 
Complement component 3 (C3), which plays an important role in the 

opsonization of nanoparticles, was adsorbed highest among the com
plement group protein in all NP groups. PLA-PG1 and PLA-hPG NP2 
showed a significantly higher level of C3 and other complement proteins 
adsorbed when compared to other NPs. This could be attributed to the 
hydroxyl groups on the hPG and PG causing complement proteins to 
bind [63]. However, the composition of complement proteins was 
almost identical when comparing PLA-PG NP3 and PLA-PG NP5 to 
PLA-PEG NP3 and PLA-PEG NP5. We observed that the most densely 
PG-grafted NPs were similar to PEGylated NPs in terms of protein 
corona, but PLA-hPG NPs exhibited more complement proteins and 
immunoglobulins adsorbed on NP surface, which possibly leads to more 
rapid clearance of PLA-hPG NPs than NPs grafted with PEG or PG. 

One of the main clearance pathways of NPs in blood is through the 
mononuclear phagocyte system (MPS). Thus, the study of NP uptake by 
macrophages is another measure of the stealth property of polymer 
coatings. Since the uptake of NP by macrophages and their clearance in 
vivo can be evaluated with long-term incubation over 6 h [65], we 
analyzed the internalization of NPs by murine macrophages (RAW 
264.7) in vitro (Fig. S8) by incubating NPs for 24 h. Flow cytometry 
analysis showed that the NPs with the lowest surface density (PLA-PEG 
NP1 and PLA-PG NP1) were readily internalized. However, once the 
surface density reached a certain threshold (>12 PG or PEG/100 nm2), 
endocytosis was strongly inhibited, in agreement with previous studies 
on PEG surface density [54,58]. Above the threshold, the internalization 
of PG-grafted NPs was similar to that of PEGylated NPs. 

3.4. Pharmacokinetic analysis 

The blood circulation profiles of dye-loaded NPs were monitored 
over 48 h by collecting blood samples after intravenous injection into 
healthy C57BL/6J mice (Fig. 2, Fig. S9). Following the trends observed 
in the macrophage uptake study, NPs with the lowest surface density 
(PLA-PEG NP1 and PLA-PG NP1) were most rapidly cleared. We 
observed longer circulation for NPs with higher surface density. For 
PEGylated NPs, the half-life of NPs with surface densities over 15 PEG 
per 100 nm2 was approximately 12 h, consistent with previous results 
reported for poly(lactic-co-glycolic acid) (PLGA)-PEG NPs [42]. All pa
rameters, including blood half-life, area under the concentration-time 
curve (AUC), and elimination constant (ke), remained within a similar 
range for NPs with >15 PEG per 100 nm2. In contrast, blood half-lives 
and elimination constants of PLA-PG NPs increased steadily with 
increasing PG surface density, resulting in longer blood circulation than 
PEGylated NPs with 66 PG per 100 nm2 (Fig. 2D). However, the AUC of 
PLA-PG NPs was nearly half that of PLA-PEG NPs, and only slightly 
increased as the surface density increased from PLA-PG NP2 (750 ID%⋅ 
h) to PLA-PG NP5 (885 ID%⋅h) (Fig. 2E). Pharmacokinetic parameters of 
PLA-hPG NP1 were similar to those of PLA-PG NP1 and PLA-PEG NP1, 
despite its higher surface density (28 hPG/100 nm2 compared to ~10 PG 
or PEG/100 nm2), but PLA-hPG NP2 exhibited longer circulation with 
an AUC close to that of PLA-PG NP4, suggesting that a higher density of 
hPG is necessary to endow a similar degree of stealth property. This may 
be due to the low conformational flexibility of hPG, which makes it less 
effective as a surface coating at low density than its linear counterpart in 
terms of surface coverage and stealthiness [38,65]. 

PLA-PG NPs exhibited a substantially reduced AUC with a surface 
density similar to PLA-PEG NPs, despite having comparable circulation 
half-lives. Notably, the apparent initial concentration C0, determined 
from the y-intercept of the of the first order exponential decay curve, 
was 50% lower for PLA-PG NP3 compared to PLA-PEG NP3 (Fig. 2G). 
The reduction of NP concentration in blood occurred within 5 min after 
administration, which is an extremely short period to be explained by 
clearance via macrophage uptake. We reasoned that the NP-solution 
administered encounters endothelial cells while they are mixed with 
the serum proteins during distribution phase and hypothesized that the 
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rapid decrease in NP blood concentration immediately after adminis
tration might be attributed to the adsorption of PLA-PG NPs to endo
thelial cells while they are distributing through bloodstream. To test 
this, we simulated this short-term exposure of NPs with blood endo
thelial cells in vitro. Human umbilical vein endothelial cells (HUVEC) 
were treated with NPs with dense PEG, PG, or hPG coatings for 5 min at 
different FBS concentrations and analyzed the cellular association of NP 
by adsorption by flow cytometry. The cells were incubated with NPs 
only for a short periods of time, so only adsorption of NPs on cell 
membranes was measured as other cellular association pathways 
including phagocytosis or micropinocytosis at this timescale would be 
minimal. Significant differences in NP adsorption were observed be
tween NPs, with PLA-PG NPs exhibiting an approximately 2 to 5-fold 
increase in adsorption on HUVEC compared to PLA-PEG NPs (Fig. 2H, 
in which NP adsorption is plotted on a log-scale). We observed a 
reduction in NP adsorption with increasing FBS concentration in the 
treating medium, with PLA-PG NPs and PLA-hPG NPs showing higher 
adsorption relative to PLA-PEG NPs at every FBS concentration. 
Notably, C0 and the adsorption of NPs in vitro are clearly correlated, 
suggesting that the rapid reduction in blood concentration of PLA-PG 
NPs and PLA-hPG NPs during the distribution phase may be attributed 
to the adsorption of the NPs on endothelial cells (Fig. 2I). 

In addition to 90 nm sized-NPs, we also compared the pharmacoki
netics of PLA-PEG NPs and PLA-PG NPs of similar surface density at 

different sizes (Fig. S10). For small NPs (Dh = 40 nm), PEG and PG- 
coating only resulted in small differences in pharmacokinetic parame
ters and circulation profile. However, large-sized NPs (Dh = 150 nm) 
grafted with PG were more rapidly cleared than PEGylated NPs. Both 
PLA-PEG-L and PLA-PG-L showed similar clearance profiles and phar
macokinetic parameters as PLA-PEG NP2 and PLA-PG NP2 with similar 
surface density (~15 per 100 nm2). The half-life of 150 nm-sized NPs 
also followed the correlation between the half-life of and surface density 
of polymer observed in the series of 90 nm-sized NPs (Fig. S12), but 40 
nm-sized NPs had a shorter half-life. On the other hand, the smaller 
nanoparticles exhibited a larger AUC and larger nanoparticles showed a 
slightly smaller AUC compared to 90 nm-sized NPs having similar 
density of grafted polymer, regardless of the type of polymer (PEG or 
PG) grafted on NP surface. 

Although PG-grafted NPs exhibited a smaller AUC and C0 compared 
to PEG-grafted NPs, their pharmacokinetics and stealth properties were 
remarkably similar to PEG and superior to other reported PEG- 
alternatives. In particular, the circulation half-lives and AUC of PLA 
NPs decorated with PEG-alternatives other than PG were less than half 
the value of PEGylated NP controls. The AUC of PLA-PVP NPs has been 
reported as one tenth of that of PLA-PEG NPs; PLA-poly(phosphoester) 
NPs cleared even more rapidly with less than 2% of the AUC of PLA- 
PEG [59]. The clearance rates of PLA-PVP, PLA-poly(4-acryl
oylmorpholine), and PLA-poly(N,N-dimethylacrylamide) NPs were also 

Fig. 2. Pharmacokinetic analysis of PEG-, PG-, and hPG-grafted PLA NPs with various surface densities. Pharmacokinetic profiles of (A) PLA-PEG NPs, (B) PLA-PG 
NPs, (C) PLA-hPG NPs. (D) Half-life. (E) Area under the concentration-time curve (AUC0–48h). (F) Elimination constant (ke). (G) Apparent initial concentration (C0). 
(H) Mean fluorescence intensity (MFI) of endothelial cells incubated with NPs for 5 min depending on serum concentration. (I) Correlation between fluorescence 
intensity of NP-adsorbed cells and C0. 
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reported to be at least four times larger than that of PLA-PEG NPs [21]. 

3.5. Biodistribution 

We evaluated the effect of surface density of PEG, PG or hPG on NP 
biodistribution in mice 48 h after intravenous administration (Fig. 3, 
Fig. S13). The major elimination process of NPs administered intrave
nously is via the MPS, which results in accumulation of NPs in liver or 
spleen [66]. In agreement with prior reports, NPs with a higher PEG 
surface density showed less accumulation in both liver and spleen with 
similar trends observed for PG and hPG-grafted NPs [42,50,54]. How
ever, we found distinct differences in biodistribution between PG and 
PEG-grafted NPs. Accumulation of PLA-PG NPs in both liver and spleen 
was at a minimum for all densities >10 PG per 100 nm2, but >25 PEG 
per 100 nm2 was needed for PLA-PEG NPs to achieve a similar reduction 
in accumulation. For NPs with high surface density (>30 chains per 100 
nm2), accumulation in liver and spleen remained constant for both PEG- 
and PG-grafted NPs. This suggests that PG of the same length as PEG 
provides sufficient evasion of MPS clearance at a lower surface density 
compared to PEG, possibly due to higher molecular weight and bulkier 
repeating unit of PG. Almost no NPs were detected in kidneys and lungs 
with no significant difference in the accumulation between PEG- and 
PG-grafted NPs (Fig. S13). Biodistribution of PLA-hPG NP1 was similar 
to that of PLA-PG NP1. However, PLA-hPG NP2 showed less accumu
lation in liver and spleen than PLA-PG NP1 but slightly more compared 
with other PLA-PG NPs. 

We additionally compared the biodistribution of PLA-PG and PLA- 
PEG NPs of different sizes (s and L) to 90 nm NPs of different surface 
densities (Fig. S14). PLA-PEG-s accumulated less than PLA-PG-s in both 
liver and spleen, whereas PLA-PEG-L accumulated more than PLA-PG-L, 
which is consistent with the accumulation of NP2s having similar sur
face densities. Comparing the small and large NPs with the series of 90 
nm-sized NPs, accumulation in the spleen increased as NP size grew, 
which is commonly found with other nanomaterials (Fig. S15) [50]. 

3.6. Antibody generation and binding affinity 

Anti-PEG antibodies including IgM and immunoglobulin G (IgG) are 
major factors affecting pharmacokinetics and efficacies of PEGylated 

therapeutics and NPs by causing ABC [6–8]. To evaluate the anti-PEG 
antibody responses to grafted polymers on NPs, we intravenously 
administered NPs to BALB/c mice and analyzed the anti-PEG IgM and 
IgG levels after 7 days, as it has been reported that the level of anti-PEG 
IgM in serum reaches a maximum in mice within a week after sensiti
zation [6,67]. 

First, we quantified the anti-PEG IgM and IgG concentration in serum 
using an enzyme-linked immunosorbent assay (ELISA). In agreement 
with prior reports [67], a significant amount of anti-PEG IgM was 
detected in the serum of mice sensitized with PLA-PEG NPs. PLA-PEG 
NP3 and PLA-PEG NP5, which contained enough PEG to have pro
longed blood circulation, induced similar levels of anti-PEG IgM in mice 
(Fig. 4A). Notably, we also found significant levels of IgM in mice 
sensitized with PLA-PG NPs, but not with PLA-hPG. Depending on the 
injection dose of NPs, anti-PEG IgM responses varied. The doses eliciting 
maximum anti-PEG IgM generation by PLA-PEG NP and PLA-PG NP 
were both between 5 mg⋅kg− 1 and 10 mg⋅kg− 1 (Fig. S20). The level of 
anti-PEG IgG was relatively low compared to IgM for all NPs consistent 
with other reports on the administration of a single dose of PEGylated 
NPs [8]. 

To analyze the level of anti-PEG IgM adhesion to our grafted poly
mers, we performed ELISA with PLA-PEG, PLA-PG, PLA-hPG, or PLA- 
coated well plates. The coating of well plates with polymer was indi
rectly verified by the selective binding of anti-PEG IgM standards to a 
PLA-PEG-coated plate, but not other plates (Fig. S16). To rule out the 
effect of non-specific binding of IgM to polymer-coated plates, we 
treated each plate with isotype mice IgM and confirmed that non- 
specific binding of IgM was not significant at IgM concentrations 
below 1 μg⋅ml− 1 (Fig. S16). The highest IgM level was observed from the 
mice sensitized with PLA-PEG NPs, followed by ones administered with 
PLA-PG NPs (Fig. S4C, Fig. S17). No significant level of IgM was 
observed on plates coated with PLA-PG (Fig. 4D) or serum from animals 
sensitized with PLA-hPG (Fig. S4D, Fig. S17). 

In addition, we performed competitive binding ELISA using BSA- 
PEG-coated plates to evaluate cross-reactivity and relative binding af
finities of IgM antibodies to PLA-PEG, PLA-PG and PLA-hPG NPs. First, 
anti-PEG IgM standard was used to evaluate relative cross-reactivity of 
anti-PEG IgM to PG or PG-grafted NPs. Briefly, anti-PEG IgM was treated 
with various concentrations of free polymers PEG or PG, as well as PLA- 

Fig. 3. Biodistribution of PLA-PEG NPs, PLA-PG NPs, and PLA-hPG NPs with various polymer surface densities. (A–C) Accumulation of PLA-PEG NPs, PLA-PG NPs, 
and PLA-hPG NPs in lung (Lu), liver (Li), spleen (Sp), and kidney (Ki). (D–E) Correlation between accumulation and surface polymer densities in (D) liver and 
(E) spleen. 
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PEG NPs or PLA-PG NPs of two different surface densities on PEG-coated 
plates, and the percentage of attached IgM on the plate was obtained by 
performing ELISA analysis (Fig. S18). Both PEGylated NPs tested 
showed an equivalent level of interference, suggesting the relative af
finities of anti-PEG IgM to PEGylated NPs were not affected by the PEG 
surface density but by molar concentration of PEG. Free methoxy-PEG 
did not interfere with binding of anti-PEG IgM to the BSA-PEG plate, 
in agreement with a previous report [67]. Interestingly, anti-PEG IgM 
also did not show observable binding to PLA-PG NPs or PG at any con
centration. Anti-PEG IgM did not bind to the PLA-PG-coated plate 
(Fig. S16A); therefore, competitive binding assays confirmed that the 
cross-reactivity of anti-PEG IgM with PLA-PG NPs is negligible. 

The same competitive binding assay was conducted using the sera of 
mice sensitized with PLA-PEG NPs or PLA-PG NPs containing signifi
cantly high levels of anti-PEG IgM (Fig. 4E and F). IgM generated by 
sensitization of mice to PLA-PEG NPs had a comparable relative binding 
affinity to PLA-PEG NPs as anti-PEG IgM standard over PEG-coated 
plates (Fig. S19), but no measurable affinity to PLA-PG NPs and PLA- 
hPG NPs. In summary, PLA-PEG and PLA-PG NPs elicited anti-PEG re
sponses, but PLA-hPG did not; anti-PEG IgM did not show binding af
finity to PLA-PG or PLA-hPG NPs (Fig. 4G). Experiments using various 
polymer-coated plates demonstrated that a significant level of IgM 
binding to PG or hPG was not detected from the serum of mice sensitized 
with PLA-PG or PLA-hPG NPs. As binding affinities of PLA-PG and PLA- 
hPG to anti-PEG IgM were remarkably small, regardless of the immu
nogen inoculated, we anticipate negligible ABC effect upon multiple 
administrations. 

3.7. Accelerated blood clearance 

To evaluate the effect of anti-PEG antibodies in vivo, ABC was studied 
by re-administration of the same NPs 7 days after sensitization of mice 
with NPs (Fig. 5). Since the generation of anti-PEG IgM starts to decrease 
at the dose of 20 mg⋅kg− 1 (Fig. S20), which has been used for pharma
cokinetic analysis, the ABC effect was evaluated with 10 mg⋅kg− 1. A 
significant reduction in both blood half-life and AUC was observed for 

PLA-PEG NPs after the second administration (Fig. 5A–C). Specifically, 
the AUC of PLA-PEG NP3 and PLA-PEG NP5 decreased by a factor of 3.7 
and 2.3 respectively when compared to the same NPs administered to 
naïve control mice (Fig. 5B and C). The ABC effect of PLA-PEG NP3 was 
more pronounced than for PLA-PEG NP5, although the IgM level in 
serum was similar for both groups (Fig. 4A). In contrast, neither PLA-PG 
NPs nor PLA-hPG NP exhibited ABC effects, regardless of surface den
sity; their pharmacokinetic parameters were maintained despite sensi
tization at the dose of 10 mg⋅kg− 1. Comparing pharmacokinetics 
between PEG and PG grafted NPs, both half-life and AUC of PLA-PEG 
NPs were significantly superior to that of PLA-PG or PLA-hPG NPs at 
the initial administration. Their pharmacokinetic parameters were 
improved compared to PLA-PEG NP3, but were similar to that of PLA- 
PEG NP5, even though the PG and hPG grafted NPs did not show an 
ABC effect after second administration. 

Considering that PEG-specific IgM was generated by PLA-PG NPs, it 
is evident that PLA-PG NPs elicited immune responses. Even though we 
did not observe anti-PG IgM on PLA-PG-coated plates and the IgM 
generated by PLA-PG NPs had a much stronger binding affinity to PEG 
rather than PG, we hypothesized that the IgM will still bind to PLA-PG 
NPs. Thus, we evaluated the ABC effect of PLA-PG NPs by lowering 
the dose administered (1 and 5 mg⋅kg− 1). A slight but significant 
reduction of AUC could be observed at the 5 mg⋅kg− 1 dose, and the 
reduction appeared to be larger by reducing the dose to 1 mg⋅kg− 1 

(Fig. S25). However, ABC effects were still smaller compared to PLA- 
PEG NPs, and the terminal half-lives (t1/2) of PLA-PG NPs were consis
tent at both doses. Similar to the 10 mg⋅kg− 1 dose, PLA-PG NPs cleared 
relatively faster than PLA-PEG NPs at the first administration with doses 
of 1 and 5 mg⋅kg− 1, but both half-life and AUC of sensitized mice 
appeared to be superior at the dose of 1 mg⋅kg− 1. 

The ABC effects are attributed to binding of antibodies to drugs or 
NPs, causing faster elimination in blood; therefore, it is expected that the 
change in pharmacokinetic parameters of PEGylated NPs by the ABC 
effect should depend on the ratio of anti-PEG IgM to NPs [10,68]. Spe
cifically, a stronger ABC effect of PEGylated NPs is observed when the 
antibody to NP ratio is higher, whereas no significant change in 

Fig. 4. Antibody responses to PEG-, PG-, and hPG-grafted PLA NPs, and binding affinity. (A) Serum concentration of anti-PEG IgM obtained from mice injected with 
PEG-, PG-, or hPG-grafted PLA NPs. (B) Serum concentration of anti-PEG IgG concentration from mice. (C–D) IgM antibody in serum from mice detected with PLA- 
PEG coated well and PLA-PG coated well. (E–F) Competitive binding assay of IgM induced by serum from PLA-PEG NP5 injected mice or serum from PLA-PG NP5 
injected mice on PEG-coated plate using various NP competitors (PLA-PEG 5, PLA-PG 5, or PLA-hPG 2). (G) Administration of PLA-PEG NP or PLA-PG NP induced 
generation of PEG-binding IgM antibodies in mice but PLA-hPG did not (left). Both IgM antibodies induced by PLA-PEG or PLA-PG NPs had higher binding affinity to 
PLA-PEG NPs than to PLA-PG NPs (right). (n = 4, *P < 0.05, **P < 0.005, ***P < 0.0005). 

K. Shin et al.                                                                                                                                                                                                                                     



Biomaterials 287 (2022) 121676

11

pharmacokinetic parameters occurs if an excess of NPs is administered 
even with a similar level of anti-PEG IgM in blood serum [69]. Our re
sults on ABC due to PLA-PEG NP3 and NP5 obey this relationship. 
Despite similar levels of IgM antibody and NP dose, the concentration of 
PLA-PEG NP5 administered was higher than that of PLA-PEG NP3, 
resulting in a weaker ABC effect for PLA-PEG NP5 than PLA-PEG NP3 
(Table S5). Notably, no significant ABC effect was observed for PLA-PG 
NP5 at a dose of 10 mg⋅kg− 1, even though the ratio of anti-PEG IgM 
antibody to NP administered was enough to result in a significant ABC 
effect for PLA-PEG NPs (Table S5). However, at lower doses where the 
ratio of antibody to NP was much larger, PLA-PG NP5 exhibited ABC 
effects. These findings suggest that the impact of the serum anti-PEG IgM 
on the ABC effect of PLA-PG NPs is much smaller due to the low binding 
affinity of IgM to PLA-PG NPs. 

To study the cross-reactivities in vivo, we also evaluated the ABC 
effects of PLA-PG NP5 in mice sensitized with PLA-PEG NP5 at a dose of 
10 mg⋅kg− 1, and vice versa (Fig. 5D). As a lower concentration of anti- 
PEG IgM was detected in mice sensitized with PLA-PEG NP5 than with 
PLA-PG NP5 (Fig. 4A), a weaker ABC effect of PLA-PEG NP5 was ex
pected with mice sensitized with PLA-PG NP5. In fact, a significant but 
slightly weaker ABC effect was observed for PLA-PEG NPs in mice 
sensitized with PLA-PG NPs (Fig. 5D and E, and Table S5). The phar
macokinetic profile of PLA-PG NPs was maintained in mice sensitized 
with PLA-PEG NP. 

3.8. Discussion of anti-PEG/PG responses and cross-reactivity 

Adaptive immunity against polymers such as PEG is governed by 
various factors [10]. For example, it is known that the immunogenicity 
of polymers strongly depends on the immunogenicity of conjugated 
therapeutics, the structure or end-groups of the polymer, and the hy
drophobicity of conjugated molecules [10,70]. In contrast to 
protein-PEG conjugates, anti-PEG immune responses elicited by NPs 
appear to be generated by the thymus independent (TI-2) pathway in 
which helper T-cells are not involved [10]. PLA-PEG NPs and PLA-PG 
NPs are likely to activate this same TI-2 pathway, triggering various 
B-cells to specifically interact with PEG and PG chains to produce 
anti-polymer IgM. Bell-shaped dose responses on antibody induc
tion—with strong antibody responses at intermediate dose (Fig. S20), 
and weak IgG induction (Fig. 4B)—support the claim that our biode
gradable polymeric NPs induce immune responses via the TI-2 pathway. 

We did not observe anti-PG IgM using polymer-coated ELISA plates 
(Fig. 4E and Fig. S22). In addition, PLA-PG NPs did not exhibit an ABC 
effect at a high dose of 10 mg⋅kg− 1 (Fig. 5), whereas an ABC effect was 
observed at low doses (Fig. S25). The competitive ELISA and evaluation 
of cross-reactivity of IgM by ABC effect suggest that IgM produced by 
PLA-PG NPs shows higher binding affinity to PLA-PEG NPs than PLA-PG 
NPs. These observations suggest either that the PG-grafted NP generates 
an anti-PEG IgM response or that anti-PG IgM has strong cross-reactivity 
to PEGylated NPs. 

Any cross-reactivity of anti-PG IgM to PEG NPs is likely related to the 

Fig. 5. Evaluation of accelerated blood clearance 
(ABC) of PEG-, PG-, and hPG-grafted PLA NPs. (A) 
Pharmacokinetic profiles of NPs, as percent dose per 
gram of blood over time and their first-order expo
nential decay curves. (B–C) Changes in pharmacoki
netic parameters terminal half-life (t1/2) and area 
under the concentration time curve (AUC0–48 h) 
before and after NP-sensitization. (D–E) Evaluation of 
ABC effect analyzing cross-reactivity of antibodies 
induced by PLA-PEG or PLA-PG NPs. Pharmacoki
netic profiles of PLA-PEG NP5 and PLA-PG NP5 in 
naïve and sensitized mice with PLA-PEG or PLA-PG 
NP and area under the concentration time curve 
(AUC0–48 h). (n = 4, *P < 0.05, **P < 0.005, ***P <
0.0005).   
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structural similarity of PG to PEG (Fig. 1A). The cross-reactivity of anti- 
PEG antibodies to other polymers has been studied, showing that some 
monoclonal antibodies as well as anti-PEG antibodies isolated from 
human samples have significant binding affinities to polymers with the 
C–C–O backbone, such as polypropylene glycol and polytetramethylene 
ether, but not to polybutylene adipate, polyethyleneimine, and dextran 
[71]. Moreover, it is known that the methoxy terminal group plays a 
crucial role in both induction and binding of anti-PEG antibodies [72, 
73]. For example, methoxy-PEG has been observed to induce higher 
antibody responses in both protein-conjugates and PEGylated liposomes 
than hydroxyl-PEG. Linear PG in this study also has a methoxy end 
group introduced by the methoxyethanol initiator and a linear 
ethylene-oxide backbone like methoxy-PEG. However, hPG has less 
structural similarity to methoxy-PEG due to the use of AB2-type mono
mer creating two different linear units (2 or 3 carbon) in the backbone 
apart from its hyperbranched structure, despite having glycerol as 
repeating units like linear PG. In addition, the outer surface of hPG is 
terminated with vicinal diols [30,74] (Fig. S26). 

Nonetheless, the low binding affinity of anti-PEG IgM to PLA-PG NPs, 
which has been verified by both ELISA binding and an ABC effect, may 
also be attributed to structural differences. It has been demonstrated 
that polymers need at least three ethylene glycol (EG) repeating units to 
be selectively bound with anti-PEG antibodies [75], and the binding 
affinity of EG oligomer is dramatically reduced as EG chains get shorter 
[76]. Moreover, from structural analysis, the selectivity of anti-PEG 
antibodies is attributed to the insertion process of PEG chains in the 
open ring structure at the anti-PEG antibody binding site and stabili
zation of PEG backbone chain to binding site via van der Waals in
teractions along the ring paratope surface [77]. Thus, it can be suggested 
that the terminal EG oligomer on linear PG is too short to serve as an 
epitope for the binding of antibodies as compared to PEG. In addition, 
the hydroxyl groups on the PG backbone seem to inhibit the binding 
process of anti-PEG antibodies resulting in low binding affinity. 

The induction of antibody production by B-cells and the neutraliza
tion of the immunogen by released antibodies are based on the immu
noglobulins having the same binding sites. However, the flexibility of 
PEG, which does not have a fixed conformation, makes it difficult to 
elucidate the immunogenicity and specific binding of PEG and alterna
tive polymers. In this work, we observed anti-PEG antibody responses 
generated by the structurally similar linear PG, but further research is 
needed to fully explain the relationship between the cross-reactive im
mune responses and structural similarities of polymers. Since it is known 
that anti-polymer responses can be induced by highly immunogenic 
protein-polymer conjugates [70], additional studies on the anti-polymer 
responses of PG- and hPG-protein conjugates could help to clarify this 
phenomenon. 

4. Conclusions 

The concerns about the immune response elicited by PEGylated 
therapeutics and vaccines, particularly when multi-dose administration 
is necessary, warrant the development of PEG-alternative polymers. 
Although polyglycerol (PG), which has the same ethylene oxide back
bone as PEG, is a promising alternative for the stealth coating of nano
carriers, the structural impact of PG-grafting on pharmacokinetics and 
immunogenicity has not been extensively studied. In this work, we 
synthesized linear PG with an analogous length and end-group compo
sition as widely used mPEG, prepared a library of NPs with PLA core 
having various surface densities of PEG, linear-PG, or branched-PG, and 
evaluated the performance of PG grafting in terms of pharmacokinetics 
and immunogenicity. 

Grafting PG on polymeric NPs resulted in enhanced blood half-life 
but smaller AUC compared to PEGylated NPs, likely due to the adsorp
tion of NPs to endothelial cells. However, PG provided sufficient surface 
coverage for exhibiting a stealth-effect at a lower surface density 
compared to PEG, as indicated by the reduced accumulation in liver and 

spleen. We also observed that the composition of the protein layer 
adsorbed on the NP surface was different between PLA-PG and PLA-PEG 
NPs when the PG or PEG surface density was low, but became almost 
identical at higher PG or PEG surface density. For hPG-grafted NPs, the 
less flexible and heterogenous structure of the branched polymer may 
have an impact on the assembly of NPs as indicated by their lower 
exposure ratio in the hPG corona than linear polymers, and the obser
vation of more complement proteins and immunoglobulins on the NP 
surface. However, with sufficient hPG density on the NP surface, phar
macokinetic parameters and biodistribution approached the results of 
linear-PG grafted NPs. Notably, we found that linear PG-grafted NPs 
induced the generation of IgM that bind to PEG in mice, while having 
minimal binding to either PG or hPG. In contrast, hPG-grafted NPs did 
not elicit significant anti-PEG IgM responses. Supported by pharmaco
kinetic analysis in vivo, both PG- and hPG-grafted NPs dramatically 
reduced ABC effects, even at low doses with significant levels of anti- 
PEG antibody. 

The surface identity of NPs, which is determined by the type and 
molecular weight of the stealth polymer as well as its surface density, is a 
key factor that modulates the behavior of therapeutic NPs in various 
physiological environments [43,45,46]. This behavior is observed in NP 
pharmacokinetics, biodistribution, cellular internalization, and efficacy 
of therapeutic molecules. As more PEGylated nanocarriers, including the 
COVID-19 mRNA vaccine [78,79], are approved for use in humans, the 
concern for their immunogenicity is growing [80]. Therefore, it is 
becoming more crucial to develop alternative polymers for NP coating 
and to study their immunogenicity. Our findings on the impact of 
structural differences of grafted polymers on pharmacokinetics and 
immunogenicity provide insight into designs for surface-grafted poly
mers that can overcome the immunogenicity of PEG while maintaining 
appropriate stealth properties. 
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