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ABSTRACT: Nanometer-sized diamonds (NDs) containing
nitrogen vacancy centers have garnered significant attention as
potential quantum sensors for reading various types of
physicochemical information in vitro and in vivo. However, NDs
intrinsically aggregate when placed in biological environments,
hampering their sensing capacities. To address this issue, the
grafting of hydrophilic polymers onto the surface of NDs has been
demonstrated considering their excellent ability to prevent protein
adsorption. To this end, crowding of the grafted chains plays a
crucial role because it is directly associated with the antiadsorption
effect of proteins; however, its quantitative evaluation has not been
reported previously. In this study, we graft poly(ethylene glycol)
(PEG) with various molecular weights onto NDs, determine their
crowding using a gas adsorption technique, and disclose the cross-correlation between the pH in the grafting reaction, crowding
density, molecular weight, and the prevention effect on protein adsorption. PEG-grafted NDs exhibit a pronounced effect on the
prevention of lung accumulation after intravenous injection in mice. PEG crowding was compared to that calculated by using a
diameter determined by dynamic light scattering (DLS) assuming a sphere.

■ INTRODUCTION
Nanometer-sized diamonds (NDs) containing nitrogen
vacancy (NV) centers have garnered significant interest as
potential quantum biosensors for reading physicochemical
information not only in vitro but also in vivo.1−7 NDs with NV
centers emit near-infrared fluorescence, which can penetrate
deep in tissue through a biological window (650 to 1350 nm),
do not undergo photobleaching or blinking in contrast to
conventional organic fluorescent reagents, and do not undergo
chemical reactions with biological substances because of their
extremely high chemical stability.8,9 Moreover, fluorescence
changes depend on the ambient environment, such as
temperature, pH, magnetic field, and electric field, which can
be distinguished through a quantum technique of optically
detected magnetic resonance (ODMR)10,11 and some other
pulsing schemes,12−14 permitting great utility in probing local
information. Despite these appealing properties, NDs readily
interact with biological substances, including proteins, when
placed in the physiological environment, resulting in
agglomeration.15−18 Aggregation interferes with intrinsic local
metabolism and ultimately the maintenance of the homeostasis
of the host. Furthermore, it discourages steady blood
circulation when injected into the bloodstream because it
provokes nonspecific interactions with serum components and

blood vessels and may result in embolization or even rupture of
blood vessels. Thus, the prevention of nonspecific interactions
with biological substances is a primary prerequisite for
biosensing. Ideally, NDs should localize stealthily in the host
environment without being recognized for long periods.
Modifying the surfaces of NDs with hydrophilic polymers
has been acknowledged as effective in appending such stealth
properties to NDs.19−22 In this respect, NDs have often been
modified with hydrophilic neutral polymers with linear or
hyperbranched form, or twitterionic polymers, and subjected
to in vitro and in vivo applications.23−27 However, quantitative
information concerning the crowding of polymers grafted onto
NDs has not been previously reported. Crowding is essential
for preparing stealth NDs because it not only provides
information on the conformation and thickness of the polymer
chains grafted on the surface of the NDs but also directly
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affects the capability of the antiadsorption effect against
proteins.28,29 The determination of crowding is actually
challenging because accurate estimation of the surface area of
the NDs, which is a necessary factor to calculate the grafting
density and, thereby, the crowding, is difficult. The surface area
is often calculated from the radius of the nanoparticles
measured from electron microscopy (EM) images. This is
possible for spherical nanoparticles; however, the geometry of
NDs was much complicated deviated from sphere, including
flake-like and rod-like geometry depending on manufac-
turers.30−32 The hydrodynamic radius (Rh) determined by
dynamic light scattering (DLS) measurement is occasionally
used as the radius of the nanoparticles; however, it is the
apparent radius of a nanoparticle assumed to be a rigid sphere
and thus does not provide an accurate surface area of NDs.

To address these issues, we grafted polymers onto NDs,
determined their density using a gas adsorption method, and
quantified crowding in terms of the degree of chain overlap
with adjacent chains. The grafting was employed by a most
typical method with an aim of gaining insight into the extent of
crowding and their protein adsorption inhibitory effect
achievable by that method, that is, grafting the most
representative biocompatible polymer, poly(ethylene glycol)
(PEG), with a series of commercially available molecular
weights, by the “grafting to” method with conventional
condensation chemistry in water. We disclosed the cross-
correlation between pH in the grafting reaction, crowding
density, molecular weight, and antiadsorption effect of albumin
and demonstrated a pronounced effect of PEG grafting on
accumulation in the lungs after intravenous injection in mice.
Last, PEG crowding was also calculated using a diameter
determined by dynamic light scattering (DLS) assuming a
sphere, highlighting the gas adsorption method as a more
relevant technique to estimate the surface area and thereby the
grafting density.

■ MATERIALS AND METHODS
Materials. NDs with a nominal particle size of 50 nm (MD-50,

pristine NDs, nonfluorescent) were purchased from Tomei Diamond
Co., Ltd. (Tochigi, Japan). Sulfuric acid, nitric acid, sodium
hydroxide, sodium chloride, dimethyl sulfoxide (DMSO), fluoresc-
amine, 1,6-diaminohexane, and butylamine were purchased from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). N-Hydrox-
ysuccinimide (NHS) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Bovine serum albumin (BSA) was purchased from
Nacalai Tesque (Kyoto, Japan). The condensation reagent 1-ethyl-3-
(3-(dimethylamino)propyl) carbodiimide hydrochloride (EDC) was
purchased from Dojindo (Kumamoto, Japan). α-Methoxy-ω-amino-
PEGs (PEG-NH2, Mn = 2000, 5000, 12000, 20000, 40000) were
purchased from NOF (Tokyo, Japan). All of the reagents were used as
purchased. Amino-functionalized cyanine 5 (Cy5-NH2, Funakoshi
Co., Ltd., Tokyo, Japan) was dissolved in DMSO and used as a 5 mg/
mL stock solution.
Methods. Preparation of ND-COOH. Pristine NDs were placed in

an electric furnace (ROP-100P, AS ONE Co., Japan) at 535 °C for 2
h under air for oxidation. The heat-treated NDs were added in a
mixture of H2SO4 and HNO3 (3:1 v/v, 100 mg/mL) and sonicated
using ultrasonic bath (Bioruptor II, Sonicbio Co., Ltd., Kanagawa,
Japan) (on/off = 30 s/90 s, 99 cycles). The suspension was stirred on
a hot stirrer at 330 °C for 1 h and allowed to stand overnight at room
temperature. The supernatant was thereafter removed by decantation.
The residue was aliquoted into conical tubes, diluted with water,
resuspended in a sonicator, and centrifuged to precipitate NDs
(Model 3740, Kubota Co., Tokyo, Japan). This purification process
was repeated, until the pH of the supernatant was neutral. After

resuspension in water, the sample was lyophilized to obtain the ND-
COOH powder.

Quantification of Carboxy Group on ND-COOH. NHS, EDC, and
1,6-diaminohexane were added to an aqueous suspension of ND-
COOH. The suspension was sonicated and stirred at 50 °C overnight
to conjugate 1,6-diaminohexane to ND-COOH and introduce NH2
groups onto the NDs. NHS and EDC were added twice during the
reaction. The reaction mixture was diluted with water, sonicated, and
centrifuged to precipitate NDs from the unreacted reagents in the
supernatant. This washing process was repeated thrice for purification.
The NDs were thereafter resuspended in water and lyophilized to
obtain ND-NH2. ND-NH2 was suspended in DMSO and incubated
with fluorescamine for 3 h. The fluorescence spectra were measured
using a fluorescence spectrophotometer (FP-8600, JASCO Co.,
Tokyo, Japan) to determine the number of amino groups on the
NDs, which is termed the number of carboxyl groups available. A
calibration curve was prepared using butylamine as the standard
compound with fluorescamine in DMSO.

Grafting of PEGs to ND-COOH. NHS, EDC, and PEG-NH2 were
added to a suspension of ND-COOH in water. The mixed suspension
was sonicated and stirred overnight at 50 °C on a hot stirrer for
condensation reaction; meanwhile, the NHS and EDC were added
twice. The PEG concentration in the reaction suspension was set to
twice the overlapping concentration (C*) of each molecular weight.
The HCl solution was added to the suspension to adjust the pH to 7
and 4. After the reaction, the suspension was diluted with water and
centrifuged to remove the unreacted substances and the supernatant.
This process was repeated three times to purify the product. The
product was thereafter dispersed in water, sonicated, and lyophilized
to obtain ND-PEGs. The hydrodynamic diameters and zeta potential
of the ND-PEGs in water were measured using a Zetasizer Nano ZS
(Malvern Panalytical Ltd., Malvern, UK) at 0.1 mg/mL. Prior to the
measurement, the sample dispersion was sonicated and filtered by a
0.45 μm syringe filter to remove dust.

Determination of PEG Grafting Density to NDs. The PEG
grafting density, σ (chains/nm2), on the ND surface was calculated
from the weight of the grafted PEG and the specific surface area of the
NDs. The weight of PEG was determined from the weight loss due to
thermal decomposition by using a thermogravimetric analyzer (TGA-
50, SHIMADZU, Kyoto, Japan) under a nitrogen atmosphere. The
NDs were dispersed in water, sonicated, lyophilized, and used for
measurements. The weight loss from 200 to 450 °C was considered to
be the amount of grafted PEG. The weight was converted to the
number of PEG chains per 1 g of NDs. The specific surface areas of
the NDs were determined by the Brunauer−Emmett−Teller (BET)
method from the adsorption isotherm of N2 gas using a TriStar 3020
specific surface area analyzer (Micromeritics, GA). The lyophilized
NDs were treated in a VacPrep 061 degasser (Micromeritics, GA) at
200 °C for 3 h in vacuo before the measurement. The distance
between adjacent tethered PEG chains, L (nm), was obtained as the
square root of σ. The radius of gyration (Rg) of PEGs, defined as the
average of the distance between the monomer units in the polymer
segment and the center of gravity in the random coil conformation,
was calculated as Rg = 0.181 × (number of monomer unit)0.58

(nm).29,33,34 The PEG crowding density was obtained as L/2Rg and
the reduced tethering density (RTD) was calculated as σπRg

2.
BSA Adsorption on NDs. BSA was dissolved in HEPES buffer

containing NaCl at physiological concentrations (HEPES 10 mM,
NaCl 150 mM, pH 7.4) of 2 mg/mL. Pristine NDs and ND-PEGs
were added to HEPES buffer (HEPES 10 mM, NaCl 150 mM, pH
7.4) at 20 mg/mL and sonicated. Equal volumes of BSA solution and
NDs suspension were mixed (NDs: 10 mg/mL, BSA: 1 mg/mL) and
incubated at 37 °C for 5 h to allow for the adsorption of BSA on NDs.
The NDs in the mixture were precipitated by centrifugation, and the
amount of BSA remaining in the supernatant was determined by a
Pierce BCA protein assay kit (Thermo Fisher Scientific, Waltham,
MA) using an ultraviolet−visible spectrophotometer (V-560, JASCO
Co., Tokyo, Japan). The amount of BSA adsorbed onto the NDs was
determined by subtracting the amount of BSA in the supernatant from
the total amount used for the measurement.
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Lung Accumulation of NDs. The animal experimental protocol
was approved by the Animal Care and Use Committee of the National
Institutes for Quantum Science and Technology, Japan. All animal
experiments were conducted in accordance with the guidelines for
animal care and handling. ND-COOH and ND-PEG20k were labeled
with Cy5, respectively. Briefly, NHS, EDC, and Cy5-NH2 with 5, 2,
and 2 equiv, respectively, to the amount of carboxyl group estimated
was added to a suspension of ND-COOH or ND-PEG20k in water.
The suspension was sonicated and stirred overnight at room
temperature for a condensation reaction. After the reaction, the
suspension was diluted with water and centrifuged to remove the
unreacted substances and the supernatant. This process was repeated
thrice to purify the product. The product was dispersed in water,
sonicated, and lyophilized to obtain the Cy5-labeled NDs. The Cy5-
labeled NDs were suspended in PBS (1 mg/mL) and sonicated. The
suspension of 200 μL was vortexed and injected to tail veins of C57
BL/6 JJms Slc mice (female, 9 weeks old). The mice were perfused
with saline containing heparin 5 min postinjection and sacrificed, and
their lungs were excised (n = 5). The lungs were homogenized in lysis
buffer (Passive Lysis 5 X buffer, Promega, Madison, WI, USA)
containing 1% Triton X-100 using a handy homogenizer. The lysed
solution was dispensed into a 96-well plate, and Cy5 fluorescence was
measured using an Infinite M200 PRO spectrophotometer (Tecan
Group Ltd., Man̈nedorf, Switzerland). The fluorescence intensities of
homogenized lung samples from mice treated with PBS without NDs
were measured as a background and subtracted from those of mice
treated with NDs. The concentration of ND-COOH and ND-
PEG20k labeled with Cy5 in lungs were determined from the
standard curves prepared for each ND in PBS suspensions and
normalized by the weight of lung received ND-COOH and ND-
PEG20k injection, respectively. The p values were determined by
Student’s t test using a one-tailed distribution and two-sample equal
variance with the t test function in Microsoft Excel. The p values of
less than 0.05 were considered statistically significant.

For the study of cleared lungs, the mice received the same protocol
as described, and their lungs were excised 1 h postinjection. The lungs
were fixed in 4% PFA−PBS for 1 d, washed in PBS with shaking for 2
h thrice by refreshing the PBS, immersed in CUBIC-L, the chemical
cocktail for delipidation and decoloring, and incubated for 6 days at
37 °C with gentle shaking. The CUBIC-L solution was refreshed
three times during this process. The lungs were washed by shaking in
PBS for 2 h, and the PBS was refreshed. This process was repeated
thrice. The lungs were immersed into the staining solution containing

1% of the α-smooth muscle actin FITC-conjugated antibody (catalog
no. F3777, Sigma, St. Louis, MO) and 0.25% of the Blocker Casein
(Thermo Fisher Scientific, Waltham, MA) in PBS for 5 days at room
temperature for staining vessels. The stained lungs were washed with
PBS and immersed in 50% CUBIC-R aqueous solution, the chemical
reagent for refractive index (RI) matching, with gentle shaking at
room temperature for 1 day. The lungs were washed with PBS and
immersed in 100% CUBIC-R solution with shaking at room
temperature for 1 day to complete the RI-matching process.35 The
cleared lungs were observed using a light-sheet microscope (Ultra-
Microscope II, Miltenyi BioTec, Bergisch Gladbach, Germany), and
images were processed using an Imaris (Ver 9.9.0, Oxford
Instruments, Abingdon, UK). The threshold for distinguishing the
NDs from the background was determined using Fiji (ImageJ), a
freely available software for processing and analyzing images (version
1.54b).36 A total of 10 arbitrary slices among the slices of the light-
sheet microscopy images of the lungs were taken, and three 100 × 100
pixel regions, which did not include apparent bright spots considered
as NDs, were collected from each of the slices. The maximum signal
intensity of these 30 regions was set as the background intensity, and
intensities above this threshold were defined as NDs. For
quantification, the intensities of each pixel above the threshold were
summed for all slices and normalized to the weight of the lungs and
the fluorescence intensity of Cy5 per gram for ND-COOH and ND-
PEG, respectively.

■ RESULTS AND DISCUSSION
PEG grafting onto NDs was performed as follows: the
purchased NDs (pristine NDs) were heat-treated in air
followed by acid treatment to prepare carboxyl group-
introduced NDs (ND-COOH). The carboxyl groups on
NDs were activated with EDC and NHS, and reacted with
α-methoxy-ω-amino-PEG (PEG-NH2) with different molec-
ular weights (Table 1) in water to obtain a series of ND-PEGs
(Scheme 1a). Details of each process are given in the following
sections.
(i). Preparation of ND-COOH. The pristine NDs were

annealed for air oxidization such that impurities, including sp2

carbons attached to the surface of the NDs, would be removed,
and oxygen species, including hydroxy groups, ketones, and
aldehydes, would be introduced onto the surface.8 The NDs

Table 1. Quantification of PEG crowding grafted onto NDs reacted at various pH conditions

number of PEG (chains/g ND) σ (chains/nm2) L/2Rg RTD

PEG
MW

Rg
(nm) pH 10−11 pH 7 pH 4

pH
10−11 pH 7 pH 4

pH
10−11 pH 7 pH 4

pH
10−11 pH 7 pH 4

2000 1.6 7.34 × 1018 7.46 × 1018 9.24 × 1018 0.0864 0.0878 0.109 1.06 1.05 0.948 0.695 0.706 0.874
5000 2.8 3.60 × 1018 3.08 × 1018 3.50 × 1018 0.0423 0.0362 0.0412 0.868 0.938 0.880 1.04 0.893 1.02
12000 4.6 1.61 × 1018 1.27 × 1017 1.44 × 1018 0.0289 0.0150 0.0169 0.790 0.888 0.835 1.26 0.997 1.13
20000 6.2 9.09 × 1017 6.89 × 1017 9.00 × 1017 0.0107 0.00811 0.0106 0.780 0.896 0.784 1.29 0.979 1.28
40000 9.3 4.68 × 1017 3.75 × 1017 4.17 × 1017 0.00551 0.00441 0.00491 0.725 0.810 0.768 1.50 1.20 1.33

Scheme 1. Reaction Schemes of PEG Grafting (a) and the Introduction of an Amino Group (b) to NDs by Condensation
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were thereafter treated in a boiling solution of nitric and
sulfuric acids to oxidize the oxygen species into carboxyl
groups.37,38 The processed NDs were characterized by using
Fourier-transform infrared (FT-IR) spectroscopy (Figure 1a).
The peak at approximately 1700−1800 cm−1 was assigned to
stretching vibrations of the C�O double bond, which includes
esters, aldehydes, ketones, carboxylic acids, and acid
anhydrides.37 The O−H stretching vibrations were included
in the broad peaks at 2000−3800 cm−1.39 It is expected that
the peak area ratio A2000−3800/A1700−1800 increases if the acid
treatment converts the oxygen species to a carboxyl group. The
increased ratio upon acid treatment is in good agreement with
the successful introduction of carboxyl groups on the NDs
(Table 2). The negative shift in the zeta potential is also in
good agreement with the introduction of carboxyl groups on
the NDs (Table S1).

(ii). Quantification of Carboxyl Groups on ND-COOH
Available for Condensation. Prior to the subsequent
condensation reaction between ND-COOH and PEG-NH2
to prepare ND-PEGs, it was important to evaluate whether the
density of the carboxyl groups on the surface of ND-COOH
was sufficient to fully coat the surface with PEG. However, it is
difficult to directly quantify the carboxyl groups on NDs. Thus,
we introduced a low-molecular-weight compound of 1,6-
diaminohexane by the condensation reaction (Scheme 1b) and
quantified the amino group of the other terminal using
fluorescamine, a reagent widely used to determine the amount
of primary amino groups as carboxy groups available for the
condensation reaction, which was determined to be 22 μmol
per 1 g of ND. Subsequently, we employed TEM to determine
the surface area of the NDs and found that the shapes of the
NDs deviated from spherical (Figure S1), which was consistent
with the individual particle analyses based on SEM.31

Therefore, we excluded measuring the diameter to calculate
the surface area under the assumption of a sphere. An
alternative method is to use the hydrodynamic radius (Rh)

determined from DLS measurements, which is sometimes used
to calculate the surface area. However, we consider this option
risky because Rh is numerically calculated from the diffusion
constant of a particle assuming a rigid sphere with that radius
and this assumption conflicts with the shape of the NDs.
Finally, we employed a N2 gas adsorption isotherm with BET
analysis to obtain the specific surface area of the NDs, which
was determined to be 85 m2/g. Thus, the density of the
available carboxyl groups on the surface of ND-COOH was
estimated to be 0.16/nm2, indicating one site in the lattice with
a side length of 2.5 nm square. The unit lattices were compared
with the Rg values of the PEGs (Table 1). The lattice size is
smaller than the gyration diameter of the PEGs used for
grafting (Figure S2), indicating that the carboxyl groups were
sufficient to cover the surface of the NDs with PEG when the
subsequent condensation reaction proceeded quantitatively.
(iii). PEG Grafting onto NDs. The grafting of PEGs onto

the NDs was performed in a one-pot reaction of ND-COOH,
PEG-NH2, EDC, and NHS in water. The PEG concentration
was set at twice the overlapping concentration (C*) of each
molecular weight (Table S2). The reaction comprises two
steps: introduction of the NHS group to the carboxyl group of
the NDs to form activated ester groups catalyzed by EDC
followed by the addition of PEG−NH2 to the activated ester
groups for condensation. It is acknowledged that the first- and
second-step reactions proceed preferentially under acidic and
neutral to basic conditions, respectively.40,41 The reaction
suspensions were basic (pH 10−11) because of the presence of
the amino group in PEG−NH2 (Table S2), which may have
affected the efficiency of the first step of the reaction. In this
respect, the reaction was performed not only in the as-reacted
suspension (without pH adjustment) but also in the
suspensions adjusted to pH 7 and 4. The PEG-grafting process
was investigated by using FT-IR spectroscopy. The character-
istic peaks of PEG derived from C−H stretching vibration in
the CH2 group (around 2900 cm−1) and C−O−C vibrations
of the ether group (1150−1070 cm−1) appeared in the
spectrum of ND-PEG20k (Figure 1b, as a representative
demonstration), indicating the success of the PEG grafting.
The quantity of PEG grafted onto ND-PEG was determined by
TG under a nitrogen atmosphere. The weight decrease
between 200 and 450 °C in the TG profile of ND-PEGs was
assigned as the quantity of PEG grafted (Figure 2, Figure S4).
Here, the following reasons were considered in the assignment:
PEG had completed the thermal decomposition by 450 °C

Figure 1. IR spectra of NDs in the processes of (a) oxidization and (b) PEG grafting in the as-reacted condition.

Table 2. Peak Area and the Ratio between the Carbonyl
Group and Hydroxy Group in IR Spectra

A1700−1800 A2000−3800 A2000−3800/A1700−1800

ND pristine 14.1 37.0 2.63
ND air oxidized 11.9 56.7 4.77
ND acid oxidized 11.5 69.9 6.07

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c03988
Langmuir XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03988/suppl_file/la3c03988_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03988/suppl_file/la3c03988_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03988/suppl_file/la3c03988_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03988/suppl_file/la3c03988_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03988/suppl_file/la3c03988_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03988/suppl_file/la3c03988_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03988?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03988?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03988?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03988?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c03988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure S3), ND-COOH did not exhibit any noticeable weight
loss until 450 °C (Figure S3), organic impurities attached to
the NDs had already been removed because the ND-PEGs
underwent thermal treatment at 515 °C prior to the PEG
grafting reaction, and the water that possibly remained in the
ND-PEG samples was assumed to evaporate until 200 °C. The
effect of thermal drift was also considered when analyzing the
profile. The quantification showed that the grafting reaction
proceeded successfully under any pH condition and that the
lower the PEG molecular weight, the more PEG chains were
grafted onto the NDs (Table 1).

The hydrodynamic size of the ND-PEGs determined by
DLS showed monodispersed sub-100 nm-sized particles in
water (Figure 3, Figure S5). The profiles exhibited a slight shift

in size after PEG grafting, which was not as apparent as the
molecular weight of the grafted PEGs. Notably, the hydro-
dynamic size was determined from the diffusion rate of the
particles in solution, and the density of diamonds is
exceedingly higher than that of PEG (diamond 3.52 g/cm3

and water-containing PEG 1−1.1 g/cm3), demonstrating that
the diffusion of the ND-PEGs is mainly dominated by the
NDs. Thus, it is expected that the presence of a PEG layer has
a small impact on the diffusion rate, resulting in an insignificant
effect on the size of the ND-PEGs measured by DLS. The zeta
potential of NDs slightly shifted to positive after the PEG
grafting, although some of those reacted at pH 7 were not
significant (Table S1).
(iv). Crowding PEG Grafted onto NDs. Since the

quantity of PEG grafted to NDs and the specific surface area
were obtained, along with the confirmation that ND-PEGs are
monodisperse in water, the density of PEG on NDs was
calculated as chains/nm2 (σ, Table 1). The density depended

on the molecular weight of the PEG used, with lower
molecular weights being higher. However, this value does
not intuitively indicate the crowding of the PEG chains on the
ND surface. Crowding is an important factor in preventing
protein adsorption.29,42,43 Therefore, L/2Rg was calculated by
normalizing the distance between adjacent PEG chains (L) to
the diameter of the gyration of the PEG chain (2Rg) as an
index to represent the degree of crowding. This value indicates
the degree of chain overlap between adjacent chains and allows
for a comparison of crowding between different molecular
weights because the molecular weight factor is included in Rg.
L/2Rg = 1 indicates that the PEG chains are in adjacent
contact, >1 indicates that the PEG chains are separated from
each other, and <1 indicates that the adjacent PEG chains
overlap, indicating that the lower the L/2Rg value, the more
densely grafted they are (Scheme 2). It was found that the L/

2Rg values were generally less than 1, except for ND-PEG2k,
which reacted at pH 7 under basic conditions (Table 1).
Furthermore, crowding showed a correlation with the
logarithm of the molecular weight of the PEGs (Figure 4),

with the trend that the larger the molecular weight of PEG
used, the more overlapped the grafting was achieved. It was
also found that more crowding of PEGs was achieved when
reacting under basic or acidic conditions than under neutral
conditions.
(v). Effect of PEG Crowding on the Prevention of BSA

Adsorption by NDs. Having determined the degree of PEG
crowding on the NDs, the effect on the prevention of protein
adsorption to the NDs was evaluated. BSA was used as a
representative protein because it is present at the highest
concentration among all proteins in the blood. The pristine
NDs received an adsorption of BSA with a concentration of
118 ng/cm2. In contrast, the PEG-grafted NDs exhibited
significantly lower adsorption (Figure 5), confirming the
preventive effect of PEG grafting. It was observed that the

Figure 2. Thermogravimetric analysis traces of ND-PEGs prepared in
the as-reacted condition. The weight at 150 °C was set to 100%.

Figure 3. Intensity profiles of Dh determined by DLS for NDs grafted
with various PEGs prepared in the as-reacted condition.

Scheme 2. Schematic Illustrations of PEG Crowding on the
Surface in L/2Rg

Figure 4. PEG crowding on NDs as a function of PEG molecular
weight. The dotted line was determined from the linear least-squares
method.
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ND-PEGs grafted with higher molecular weights had better
preventive effects. In particular, the quantity of adsorbed BSA
correlated with L/2Rg, with the smaller, alternatively, the
greater the overlap between adjacent PEG chains, the higher
the preventive effect, corroborating the substantial role of
crowding in preventing BSA adsorption.
(vi). Effect of PEG Grafting on Lung Accumulation.

Encouraged by the significant effect of PEG grafting on the
prevention of BSA adsorption, NDs were intravenously
injected into mice. Various blood components, including
serum proteins, are readily adsorbed onto particles when
injected into the blood, resulting in their agglomeration. The
lungs are an organ in which aggregates are prone to
accumulation and embolization. Therefore, we focused on
lung accumulation to evaluate the effect of PEG grafting. ND-
COOH and ND-PEG20k, representative ND-PEGs, were
labeled with Cy5 and injected into the tail vein. ND-COOH
has been considered to have high biocompatibility in vivo;

therefore, it was used as a positive control in this evaluation.44

The concentrations of ND-COOH and ND-PEG20k labeled
with Cy5 in homogenized lungs were determined from their
standard curves (Figure S6) and normalized by the weight of
lungs, respectively. Significant amounts of ND-COOH
accumulated in the lungs (Figure 6a), suggesting that
aggregation occurred in the blood. In contrast, ND-PEG
exhibited significantly lower accumulation. To determine the
location of accumulation, the lungs were subjected to tissue
clearing by CUBIC treatment35 and observed under a light-
sheet microscope. First, the quantification of Cy5 signals from
the images showed a significantly lower accumulation of ND-
PEG than that of ND-COOH (Figure 6b), which is consistent
with the quantification from the homogenized samples (Figure
6a). Transmission images of the entire lungs revealed the
accumulation of NDs (Figure 6c; see the supporting movies for
the rotation). Intense signals (yellow) were observed along the
lung artery for ND-COOH (Figure 6c(i)), in contrast to those
for ND-PEG (Figure 6c(ii)). A section slice of the lung artery
revealed that ND-COOH was localized along the vessel wall
(Figure 6d(i)). Considering that the intravenously injected
NDs first reached the heart and then the lung, ND-COOH was
adsorbed to the vessel wall of the artery when entering the
lung, possibly in the first pass. Furthermore, a pattern of
widespread Cy5 signals was observed in the lower part of the
lung for ND-COOH (Figure 6c(i), Supporting Movie). The
sections showed that the signals were three-dimensionally
distributed in the lung tissue (Figure 6e), suggesting bleeding.
It is likely that ND-COOH clogged the vessels. In contrast, this
spread pattern was not apparent for ND-PEG (Figure 6c(ii)).
Small red spots were observed throughout the lungs for both
NDs, with fewer spots for ND-PEG than for ND-COOH
(Figure 6c). The section at the periphery of the lung showed
colocalization of ND-COOH and capillaries (Figure 6f,

Figure 5. BSA adsorption on PEG grafted NDs as a function of PEG
crowding. The solid line is a guide for eye and the dotted line is the
mass of BSA adsorbed on pristine NDs.

Figure 6. Accumulation of Cy5-labeled NDs at lungs after intravenous injection. Quantifications from the homogenized tissues (a) and from the
images of the light sheet microscope in the cleared lungs (b). (c) Transmission images of cleared lungs received ND-COOH (i) and ND-PEG20k
(ii) with magnified images in inset. NDs and blood vessels are shown in red and green, respectively. (d) Sections at the lung artery received ND-
COOH (i)) and ND-PEG20k (ii). (e) 3-plane sections at the bleeding region received ND-COOH. (f) Section at the periphery of the lung
received ND-COOH.
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yellow), suggesting embolization. Overall, the significant effect
of PEG grafting onto the NDs was verified when preventing of
lung accumulation.

Overall, we grafted PEG onto the ND surface by using a
typical method and determined its crowding. This quantitative
study allowed for verification of the following five issues:

First, NDs grafted with higher PEG crowding can be
obtained by performing a condensation reaction under basic or
acidic conditions instead of under neutral conditions (Figure
4). In the two-step condensation reaction, acidic conditions are
favorable for the first step, and neutral to basic conditions are
favorable for the second step. The pH of the as-reacted PEG
solution was basic ranging from 9.5 to 11.2 owing to the
presence of an amino group in PEG−NH2 (Table S2).
Therefore, there was concern that the first step of the reaction
would not proceed well under basic as-reacted conditions.
From this perspective, we adjusted the pH to acidic or neutral
values to determine the optimal conditions for the con-
densation reaction. The quantification revealed that PEG
crowding was even higher for ND-PEGs prepared under the as-
reacted conditions than for those prepared at pH 7. PEG
crowding performed under acidic conditions was also higher
than that at pH 7, despite the unfavorable conditions for the
second step of the reaction. It is presumed that the promotion
of the second-step reaction in a basic environment
compensates for the unfavorable first-step reaction and the
promotion of the first-step reaction in a pH 4 environment
compensates for the unfavorable second-step reaction. In
contrast, neither process might be promoted at pH 7, resulting
in the lowest level of PEG crowding. Notably, the L/2Rg value
for PEG2k under the as-reacted conditions was higher than
that expected from the trend of other molecular weights in the
molecular-weight dependence of L/2Rg (Figure 4). The
PEG2k solution contained the highest molar concentration
of amino groups among the other series because the PEG
concentration was set to 2C* in all of the reactions, giving rise
to the highest pH (Table S2). Such a high pH may limit the
first-step reaction more than the promotion of the second-step
reaction could compensate.41

Second, the PEG modification method used in this study
yielded NDs entirely covered by PEG because the L/2Rg
values were verified to be less than 1, except for ND-PEG2k,
which reacted at pH 7 or without pH adjustment (Figure 4).

Third, PEG crowding is dependent on the molecular weight
of the PEG used; the larger the molecular weight of the PEGs,
the more overlapping modifications of chains can be obtained.
Several factors may be involved in this dependence on the
molecular weight. First, the interactive potency between the
PEG chains may be a factor. Interactive potency is expressed
by the second virial coefficient A2, where a positive value
indicates that the chains are more repulsive, whereas a negative
value indicates that they are more attractive. A2 of PEG in
water is positive and depends on the molecular weight; the
higher the molecular weight, the lower the A2 (Figure S7).45

This indicates that PEG with a higher molecular weight
permits the overlapping of chains; alternatively, PEG2k with a
higher A2 compared with other PEGs tends to refuse
overlapping. Next, the spatial density of PEG, that is, the
mass of a chain in the volume occupied by a single chain, may
also be relevant to molecular weight dependence. Given a
sphere of PEG in a random coil conformation with Rg, the
spatial density was lower for PEGs with higher molecular
weights (Figure S8), for instance, the spatial density of

PEG40k was 1/10 that of PEG2k. It is assumed that a lower
spatial density permits more overlapping chains. Furthermore,
the density of the activated carboxyl groups in the
condensation reaction of NDs may also be a factor. It is
ensured that the density was sufficient for grafting PEG with
overlapping. However, the number of activated carboxyl
groups per PEG chain was higher for higher molecular weight
PEG than for lower molecular weight PEG (Figure S2),
allowing PEG of higher molecular weight to more likely locate
the reactive point than PEG of lower molecular weight. These
factors may collectively affect the efficiency of PEG grafting,
resulting in the molecular weight dependence of L/2Rg.

Fourth, quantification allowed us to infer the conformation
of PEG and the height of the PEG layer (H) on the NDs.
Unperturbed single PEG molecules tethered to the surface
adopt a random coil conformation known as a mushroom, such
that its conformational entropy is maximized. In this case, H
was assumed to be equivalent to 2Rg. The correlation between
the grafting density and conformation has been discussed using
a parameter of RTD (σ/πRg

2), which refers to the number of
tethered chains settled in the area πRg

2 covered by a chain in
an unperturbed conformation (Figure S9).46−48 RTD < 1
indicates that the PEG chains do not overlap with neighboring
PEG chains, RTD = 1 indicates the onset of overlap, and RTD
= 2 indicates that two PEG chains are packed in the area of
πRg

2. With the RTD, tethered polymer chains can be assigned
into four possible conformations; (1) isolated mushroom
(RTD < 1),46,47 (2) overlapping mushroom (1 ≤ RTD), (3)
squeezed, and (4) scalable brush regime characterized by H
scaling as σ1/3. The boundary between the overlapping
mushroom and squeezed conformations is reported to be
approximately RTD = 3.7−3.8,49 and that between the
squeezed and scalable brush conformations is at least 6. It is
addressed that the value of the critical RTD should be
independent of the molecular weight and solvent and should
be universal for tethered chains.49 Thus, these critical values
was applied to PEG chains grafted onto NDs. The highest
RTD value in the series of ND-PEGs was calculated as 1.5
(Table 1), which assigns the PEG chains to overlapping
mushroom conformations and the height to the 2Rg equivalent.

Fifth, the preventive effect on BSA adsorption correlated
well with the L/2Rg of PEG (Figure 5), corroborating the
significant role of crowding in the prevention effect. By
collecting the molecular weight dependence and L/2Rg (Figure
4), a clear cross-correlation revealed that grafting with a larger
molecular weight allowed more overlap of PEG chains and
provided a higher preventive effect against albumin adsorption.
A correlation between L/2Rg and serum protein adsorption
was previously reported for PEG-modified substrates.29 It is
shown that the adsorption mass of serum proteins decreases as
the L/2Rg decreases in the range of L/2Rg = 1.5−0.5. Our
results on NDs (L/2Rg = 1.1−0.7) are in good agreement with
this report.

In particular, the report predicted that the adsorption of
serum proteins could be completely suppressed when L/2Rg
fell below 0.5.29 Accordingly, stealth NDs that can prevent the
adsorption of serum proteins on the surface may be attained by
increasing PEG crowding to L/2Rg < 0.5, and such NDs may
circumvent embolization in blood vessels when administered
systemically. There are several ways to promote PEG
crowding, including further increasing the density of the
carboxyl group for the condensation reaction with PEG−NH2,
increasing the reaction efficiency, and increasing the
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concentration of PEG−NH2 in the reaction. As for the density
of carboxyl groups, we performed thermal oxidation in air to
introduce oxygen species followed by intense acid oxidation
using a boiling mixed acid to convert them to carboxyl groups.
This density was sufficient for PEG grafting. Regarding the
reaction efficiency, we checked various solvents for good
dispersibility of the NDs, including water, DMSO, N,N-
dimethylformamide, acetone, acetonitrile, methanol, ethanol,
tetrahydrofuran, dichloromethane, chloroform, and toluene,
and selected water as the best solvent. NHS and EDC were
added several times during the condensation reaction to
compensate for possible hydrolysis of the activated ester group.
Furthermore, the reaction was performed at different pH
values in pursuit of optimal conditions. Concerning the PEG
concentration in the reaction solution, we performed the
reaction at 2C* for each molecular weight of PEG. It is
expected that PEG crowding on the NDs would be similar to
that of the solution if the reaction proceeds preferably, that is,
L/2Rg is 0.5, which is twice the overlapping concentration.
However, the crowding quantified was not as high as expected.
Notably, it is reported that the grafting density was saturated
and did not effectively increase even when the concentration of
PEGs in the solution was increased above the overlapping
concentration.42,50 Given these reports, a PEG concentration
of 2C* was assumed to be sufficient. Considering these notes,
the room for significant improvement in elevated crowding
may be limited. Theoretically, it is challenging to achieve the
crowding of L/2Rg < 0.5. To achieve this, after a uniform
modification with L/2Rg = 1, a greater number of PEG chains
must shunt the grafted PEG chains, access the surface of the
NDs, and accomplish the grafting reaction. This interferes with
the conformational freedom of the PEG chains, resulting in a
reduction in conformational entropy. In contrast, the
correlation between L/2Rg and molecular weight indicates
that PEG crowding of L/2Rg < 0.5 could be attained using
PEG with a molecular weight higher than 1000 kDa from the
extrapolation of the trend (Figure 4). This challenge is
intriguing, although it requires the synthesis of such high
molecular weight PEG−NH2 as the highest molecular weight
commercially available is 40 kDa. Taken together, we consider
that the PEG crowding has reached almost the upper limit in
the modification by the “grafting to” method using
commercially available PEGs via conventional EDC/NHS
chemistry in water.

We also calculated PEG crowding using a diameter
determined by DLS (Z-average hydrodynamic diameter of
67 nm), assuming a sphere. Overall, the PEG crowding was
higher than that calculated using the gas adsorption method
(Table S3). The RTD of NDs with higher molecular weight
PEG was above 3.7, indicating that the PEG chains were
squeezed.46−48 Considering the substantial entropy penalty in
squeezed conformation, it is unlikely to consider that PEG
chains attain such conformation by the “grafting to” method.
Moreover, the L/2Rg of ND-PEGs prepared under the
preferred pH conditions was below 0.5, except for PEG2k,
which corresponds to crowding that can completely prevent
protein adsorption. Our evaluation proved the substantial role
of PEG in preventing BSA adsorption; however, complete
prevention was not achieved (Figure 5). Given these
observations, the calculation of PEG crowding based on the
DLS data is considered to be overestimated. In this regard, the
gas adsorption method is a more relevant technique to

characterize the surface properties of NDs modified with
polymers.

■ CONCLUSIONS
We grafted PEGs with a series of molecular weights onto NDs
using a typical method and determined crowding for the first
time, to the best of our knowledge. The quantification revealed
the extent of PEG crowding on NDs, cross-correlation between
the pH in the grafting reaction, molecular weight of the grafted
PEGs, preventive effect on BSA adsorption, and conformation
and height, which remained unaddressed in the polymer
modification of NDs. In particular, it was revealed that grafting
with a higher molecular weight PEG afforded a better
prevention effect on BSA adsorption, and the PEG-grafted
NDs could significantly reduce their adsorption to large
arteries and bleeding in the lungs after intravenous injection.
PEG-grafted NDs with maximized PEG crowding will allow for
biosensing with minimal interference due to aggregation;
meanwhile, the presence or thickness of polymer layer on the
sensitivity of sensing might be necessary to be investigated for
finer sensing in the future.
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