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ABSTRACT: A recent advance in nanotechnology is the scale-up production of
small and nonaggregated diamond nanoparticles suitable for biological
applications. Using detonation nanodiamonds (NDs) with an average diameter
of ∼4 nm as the adsorbents, we have studied the static attachment of three
proteins (myoglobin, bovine serum albumin, and insulin) onto the nanoparticles
by optical spectroscopy, mass spectrometry, and dynamic light scattering, and
electrophoretic zeta potential measurements. Results show that the protein surface
coverage is predominantly determined by the competition between protein−
protein and protein−ND interactions, giving each protein a unique and
characteristic structural configuration in its own complex. Specifically, both
myoglobin and bovine serum albumin show a Langmuir-type adsorption behavior,
forming 1:1 complexes at saturation, whereas insulin folds into a tightly bound
multimer before adsorption. The markedly different adsorption patterns appear to
be independent of the protein concentration and are closely related to the affinity
of the individual proteins for the NDs. The present study provides a fundamental understanding for the use of NDs as a platform
for nanomedical drug delivery.

■ INTRODUCTION

Nanotechnology is an enabling technology with wide-ranging
applications. The convergence of this technology with
molecular biology has opened up many new avenues in the
fields of drug delivery, cancer therapy, diagnostic imaging, and
biosensing, etc.1,2 Recently, there has been a growing interest in
the use of carbon-based nanomaterials, including fullerenes,3

nanotubes,4 graphene,5 and nanodiamonds (NDs),6,7 for
biotechnological and biomedical applications. Cytotoxicity
tests with various cancer cell lines indicate that NDs are the
least toxic of all carbon nanoparticles presently studied.8 These
biocompatible particles have a multitude of potential
applications as gene and drug delivery vehicles,9 optical
contrast agents,10 and nanoscale sensors.11

Prevailing NDs can be roughly separated into two groups
according to their methods of synthesis: high-pressure-high-
temperature NDs (HPHT-NDs) and detonation NDs
(DNDs).12 The former are produced by the crushing or ball-
milling of micron-sized diamond particles synthesized with
HPHT presses. Although their size distribution is broad
(typically 30−100 nm), they are monocrystalline and can be
readily purified by air oxidation and strong acid washes. The
later, on the other hand, are synthesized by shock wave
compression using explosive compounds such as TNT and
RDX. With proper explosive mixture ratios, the shock wave can
produce DNDs with a remarkably narrow particle size
distribution of 4−5 nm in diameter for the primary particles.
Elaborate postprocessing deagglomeration, however, is required

to break the covalent linkage between disordered (sp2) carbon
atoms on their surfaces. Osawa has provided a complete
account of the methods for fabricating deagglomerated DNDs
with wet ball milling techniques.13

This work aims to make a comparative study of the
attachment of proteins to these two types of NDs. A number
of studies have shown that HPHT-NDs, after washes with
strong oxidative acids, can bind noncovalently but strongly with
proteins through the combination of electrostatic force,
hydrogen bonding, and hydrophobic interactions.14 These
particles are negatively charged and useful as solid-phase
extraction supports for proteomic analysis.15 Additional
experimental evidence shows that HPHT-NDs surface-coated
with bovine serum albumin have a high dispersibility in
biological buffers such as phosphate-buffered saline, a feature of
particular importance in biolabeling applications.16 Whether
these unique characteristics are preserved in DNDs is an
interesting question to address, since the changes in size, shape,
and surface properties can significantly affect the binding
affinity of the carbon nanoparticles for proteins.
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Ho and co-workers were the first to apply deagglomerated
DNDs as drug, protein, and gene delivery vehicles.9 These
nanometric particles are monodispersed and positively charged
at neutral solution pH. They are appealing for such applications
because their surfaces can be readily conjugated with bioactive
ligands and possess a high loading capacity per weight as well as
a functional mechanism for targeted release. It has been
demonstrated that the deagglomerated DNDs can play a
significant role in the therapeutic release of proteins like
insulin17 and transforming growth factor beta (TGF-β).18

Specifically for ND-delivered insulin, it can serve as a potential
promoter of wound healing and vascularization in patients with
severe burns and other conditions. Interestingly, the ND
delivery of insulin is pH-triggered, thereby allowing for the use
of this method to target bacterial infections accompanying
serious wounds. The present study is designed to provide a
fundamental understanding of these intriguing phenomena and
to elucidate in detail the nature of how different types of
proteins (such as bovine serum albumin, myoglobin, and
insulin) interact with these nanoparticles by optical spectros-
copy19−21 and mass spectrometry.14,15

■ EXPERIMENTAL SECTION
Chemicals. Bovine serum albumin (BSA), horse heart

myoglobin (Mb), human insulin (Ins), 2,5-dihydroxybenzoic
acid (DHB), trifluoroacetic acid (TFA), and all other chemicals
were obtained from Sigma-Aldrich and used without further
purification.
Materials. Synthetic HPHT diamond powders (MSY 0−

0.05) and aqueous DND colloids (NanoAmando) were
obtained from Microdiamant (Switzerland) and New Metals
& Chemicals (Japan), respectively. The HPHT-NDs were
purified by air oxidation at 450 °C for 1 h and then treated in
concentrated H2SO4−HNO3 (3:1, v/v) solution at 100 °C in a
microwave reactor (Discover BenchMate, CEM) for 3 h. The
NanoAmando, consisting of dispersed DND particles (concen-
tration: 5%, size: 3.7 nm) in water after optimized
deagglomeration, was used as received. A particle size and
zeta-potential analyzer (Delsa Nano C, Beckman-Coulter)
characterized the size distributions and surface charge states of
these NDs and their bioconjugates in distilled deionized water.
Sample Preparation. NDs (10 mg/mL for DNDs and 1.0

mg/mL for HPHT-NDs) were mixed with BSA, Mb, and Ins
separately. Prior to the mixing, concentrations of the stock
sample solutions were measured by using the molar extinction
coefficients of the individual proteins. To facilitate protein
adsorption onto NDs through electrostatic forces, pH values of
the mixed sample solutions were adjusted for the individual
proteins by adding diluted NaOH or HCl. After sonication for
5 min in ice water and subsequent shaking for 5 min at room
temperature, protein-attached NDs in the mixtures were
separated by centrifugation with an ultracentrifuge
(CS150GXL, HITACHI) at 55000 rpm for 1.5 h. The
supernatants were collected for optical spectroscopic analysis.
The precipitates were then washed with deionized distilled
water to remove unbound protein molecules, and the resulting
mixtures were shaken for 10 min before another centrifugation
at 55000 rpm for 1.5 h. The final precipitates were collected for
mass spectrometric analysis.
UV−vis Absorption Spectroscopy. Concentrations of

proteins in the supernatants were determined by measuring the
light intensity ratios (I/I0) between the sample and reference
beams over 200−800 nm using a UV−vis spectrophotometer

(U-3310, Hitachi). The amounts of the proteins attached to the
NDs were calculated from the concentration differences before
and after protein adsorption in water. Due to the strong light
scattering from NDs, the spectra were plotted as −log(I/I0)
(instead of absorbance) against wavelength.

Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry (MALDI-TOF MS). Proteins or
protein−NDs were mixed with saturated DHB dissolved in
acetonitrile/H2O solution (v/v = 2:1) containing 0.1% TFA for
MALDI plate spotting. Positive ion MS spectra were acquired
with a reflection TOF mass spectrometer (Microflex, Bruker-
Daltonics) for either the proteins alone or the protein−ND
complexes, following procedures described previously.14,15

■ RESULTS AND DISCUSSION
Three proteins were used to study their static attachment on
two different types of NDs: jND (i.e., DNDs with positive
surface charges and manufactured by the Osawa group in
Japan)22 and hND (i.e., HPHT-NDs with negative surface
charges and made in this group).14 Additional effort was made
to keep both NDs from forming aggregates and, ultimately,
achieving the protein attachment on a nearly single ND
platform. The three chosen proteins were: Mb, BSA, and Ins,
each representing a unique surface attachment on ND as
described in the following sections.
NDs are known to form aggregates, regardless of the types of

the surface charges that they may have carried. Thus, it has
been a challenge for researchers to keep the size of the NDs
small and well-defined when a ND is used as a platform to grow
proteins on its surface. ND aggregates of random sizes will
directly affect protein surface coverage, among others,
presenting various difficulties in quantifying the protein−
surface interactions. Therefore, small and individual NDs are
desired for the surface attachment studies. Osawa’s recent effort
in making stable and nonaggregated DNDs of ca. 4−6 nm
diameter proves ideal for this work. Some preliminary testing
was carried out first to determine the stability of jND, both in
terms of the time duration and pH changes, as separated
nanoparticles for this study. The experimental conditions used
for each protein reported here have all tested satisfactory in
providing predominantly individual jNDs of the particle size
approaching the single particle limit. In comparison, the size of
hNDs is about 6 times as large, averaging 30 nm in diameter as
routinely tested in this lab.23

Myoglobin + ND. Mb is a globular protein with a
crystallographic size of 2.5 × 3.5 × 4.5 nm3.24 The protein
has an isoelectric point (pI) of ∼6.9 and at pH 7.5, it favors
electrostatic attachment on a positively charged surface such as
jND. The surface interaction of Mb with jND is characterized
by the Soret absorption (at 409 nm) of its heme group using
UV−vis spectroscopy. Figure 1 displays the Soret absorption
from the supernatant of Mb + jND solutions at pH 7.5 in
increasing Mb concentration. The absorption of the Mb stock
solution (0.13 mg/mL or 7.6 μM) is also included for
comparison, which will be used for deriving the Langmuir
isotherms. Protocols for the spectroscopic measurement are
similar to our previous study of cytochrome c with hND.19 The
concentration of jNDs was fixed at [jND] = 10 mg/mL for all
sample solutions. Notably, this high jND concentration is
required to keep jND from aggregation, according to the
manufacturer’s instruction and the tests in this work. The [Mb]
varied from 0.03 to 6.3 mg/mL, covering a range of two orders-
of-magnitude change from under to well-beyond surface
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saturation. Some samples in Figure 1 show measurable
absorption signals from the Soret band, presumably caused
by free Mb left in the supernatant solution, of which the band
intensity increases as a function of [Mb]. Other samples show
no measurable Soret absorption, suggesting an under-saturated
surface coverage with all Mb attached on jND. No sign of
surface-bound Mb was found in the supernatant. This
assessment is based on the fact that in the figure, both the
Soret peak position and band shape remain unchanged in all
collected spectra. Additional evidence comes from the dynamic
light scattering (DLS) measurement, which shows no Mb +
jNDs detectable in the supernatant, consistent with the UV−vis
finding.
Consequently, an equilibrium is established between free Mb

in the supernatant, Mb(aq), and surface-bound Mb(s) on the ND:
Mb(aq) ⇌Mb(s). The associated surface adsorption constant, Ka,
can be determined by the study of adsorption isotherms
following the method developed in our previous work.19 The
experimental data fit reasonably well to the isotherm equation
of Langmuir’s surface adsorption model,

Θ =
+
K C

K C1
a b

a b (1)

where Θ is the ratio between the occupied surface sites and the
total available sites (when Θ = 1, the surface is saturated) and
Cb is the protein concentration in each sample solution. The
inset in Figure 1 shows the derived isotherm for Mb + jND at
pH 7.5 with a fitted Ka = 8.8 × 103 M−1. The value is nearly two
orders-of-magnitude less thermodynamically favorable than that
of Mb + hND at pH 5.0, where electrostatic forces also play a
major role in the protein attachment (see ref 14 and also Figure
S1 of the Supporting Information). It is noted that the size of
Mb (∼4 nm) is about the same as jND (∼4 nm) but much
smaller than that of hND (∼30 nm). The latter has a
considerably larger surface area per particle, which could
enhance the stability in protein−surface interactions. As will be
discussed later, the characteristic of the weak protein−surface
interaction and the low loading capacity of jND allow us to

reveal some unique protein−protein interactions upon attach-
ment on NDs.
Next, we address the question about the formation of the

protein−ND complex: has Mb successfully attached to the ND?
Electrophoresis experiments were thus carried out to determine
the zeta potential of Mb with jNDs. Figure 2a shows the zeta

potentials measured from jND, Mb, and Mb + jND to be
+37.2, −21.2 and +25.7 mV, respectively. The positive potential
of jND is attributed to its positive surface charge, which has a
relatively high value, suggesting good stability in the ND’s
individual particle form. The lowering of the positive potential
in Mb + jND is evidence of the coupling through a static
interaction between the two. The smaller zeta potential
indicates an increase in the interparticle interactions between
neighboring complex molecules, leading to the formation of
aggregates. This is expected to become more significant when
the protein concentration is raised higher.
More details of the surface coverage are provided by the

MALDI-TOF MS study of the protein−ND complex. As
previously demonstrated,14,15 the method serves as an effective
means to characterize the protein attachment on NDs without
the need of preseparation. In this experiment, the complex
sample was prepared by centrifuging the sample solution after it
has been well-mixed. Supernatant was decanted and washed
and then centrifuged again. The precipitated sample went
through MALDI followed by TOF sorting for the fragmenta-
tion pattern. Any distinct mass signal obtained must have come
from the surface-bound Mb since ND does not have a well-
defined mass. One major mass peak from the Mb + jND
complex appears at 17120 Da (Figure 2b), corresponding to
the molecular mass of Mb, which accounts for >99% of the
total intensity on the mass spectrum. Only trace amounts of the
Mb-dimer can be located at two times of mass away from the
parent peak, similar to that of Mb + hND (Figure S2 of the

Figure 1. UV−vis absorption spectra of Mb stock (0.13 mg/mL) and
Mb + jND supernatant for [Mb] = 0.64, 1.3, and 3.4 mg/mL
(numbers in parentheses) in 10 mg/mL jND at pH 7.5. (See text.)
Inset: Adsorption isotherm of Mb on jND at pH 7.5. Solid curve is the
best fit from the Langmuir adsorption model (eq 1 in text).
Appropriate dilution of the supernatant was made to obtain the
spectra with −log(I/I0) < 2 in measurement.

Figure 2. (a) Zeta potential measurements of Mb, jND, and Mb +
jND at pH 7.5. (b) MALDI-TOF mass spectrum of Mb + jND. The
protein−ND complex sample was prepared with [Mb] = 2.0 mg/mL
in 10 mg/mL jND.
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Supporting Information). Given the molecular mass of 17 kDa
for Mb and ∼62 kDa for jND (assuming spherical with a
diameter of ∼3.7 nm),13 the saturated surface coverage of
∼0.25 g/g (inset in Figure 1a) suggests that the Mb-jND
predominantly forms a 1:1 complex at saturation. The
adsorption of Mb onto jND follows

+ ⇌ ·protein jND protein jND (2)

Is this expression generally applicable to other proteins? To
address this issue, we studied the adsorption of BSA and insulin
on jNDs.
BSA + ND. Unlike Mb, which is nearly spherical in shape,

BSA is a prolatelike ellipsoid with a diameter of 4 nm and a
length of 14 nm.25 It has a pI ∼ 4.7 and a molecular mass of 66
kDa, close to that of jND. How it binds with jND, which is
smaller in size, and the resulting stereochemistry deserve close
examination. Previously, we have studied the BSA attachment
on 100 nm hND over pH 3−9 and determined a protein
loading capacity of ∼150 mg/g at pH 5.5.14 It suggests that
more than 60 BSA molecules can be attached to each 30 nm
hND particle. For BSA + jND, the experiments were
maintained at pH 5.5 to maintain good dispersibility and
achieve necessary surface attraction. Again, with the jND
concentration fixed at 10 mg/mL, the BSA concentration range
was chosen to sufficiently cover from under to over surface
saturation on jND. Figure 3 shows UV−vis absorption spectra

of BSA + ND samples at different [BSA] ranges. At [BSA] =
0.5−10 mg/mL, or the number ratio of BSA/jND = 0.5−10,
respectively, only the scattered light from free jND in the
supernatant is detected at the wavelength range of 270−340
nm. The up-tilting of the signals toward the far UV region is a
result of the strong light scattering from the residual jNDs,
whose intensity is inversely proportional to the fourth powers
of light wavelength.26 The intensity decreases as the protein
concentration increases (top down in Figure 3), suggesting that
an increase of the protein content in the sample has effectively
removed the jND from the solution. Zeta potential measure-
ments for free jND, free BSA, and BSA + jND indeed support
the observations. The relatively high values of the potentials (in
both polarities) for jND and free BSA at +33.2 and −28.5 mV,

respectively, favor the nonaggregated state. The BSA + jND has
a potential of +15.2 mV, which is reduced in half from the zeta
potential of free jND. Similar to the case of Mb described in the
previous section, this new potential is significantly different
from either jND or free BSA, representing the presence of a
new BSA + jND complex form.
As the BSA concentration continues to increase (from the

bottom up in Figure 3), a spectral feature around 280 nm
begins to grow, which is the known absorption feature of
tryptophan in BSA. In the same figure, an absorption spectrum
of stock BSA is also included to verify the band shape and
location of the growing feature. It is therefore concluded that
the absorption signals at ∼280 nm in Figure 3 are all due to free
BSA in supernatant. Apparently, the jND surface is already
saturated for the samples with [BSA] = 15 mg/mL. In finding
the number ratio at the saturation point, we trace the onset of
the appearance of the BSA absorption band in the UV−vis
spectra and locate the surface saturation at 11 mg/mL BSA
with 10 mg/mL jND, which gives a maximum occupancy of
BSA/jND ∼ 1. Hence, similar to Mb, a proposed reaction
scheme for BSA on jND can then be described by an
equilibrium established between BSA in solution and on the
jND surface as BSA + jND ⇌ BSA·jND. MALDI-TOF spectra
for BSA + jND were also obtained, which show only the parent
peak within the mass-to-charge scale of our mass spectrometer
(data not shown). The large molecular mass of BSA excludes
the possibility of observing multimers in the mass spectra.

Insulin + ND. Insulin has a pI of ∼5.4 and a molecular mass
of 5.8 kDa, which is about one-tenth that of jND. All the Ins +
jND experiments were carried out at pH 6.0 to facilitate the
protein attachment. Figure 4a shows UV−vis absorption
spectra of the Ins + jND supernatant from sample solutions
in a series of insulin concentrations with fixed [jND] = 10 mg/
mL. A 1.0 mg/mL insulin stock solution is also included to
show the absorption band and peak position around 277 nm.
The samples in the figure contain a concentration range of
[Ins] = 0.5−10 mg/mL, corresponding to the Ins/jND number
ratios of 0.5−10, respectively. At lower [Ins], free ND particles
appear present in the supernatant, causing scattered light that is
more sensitive toward the far UV region. Therefore, the signal
intensity of [Ins] = 0.5 and 2.0 mg/mL is tilted higher in the
lower wavelength region. As more insulin is added, the signal
flattened out, eventually becoming indistinguishable from the
baseline. Interestingly, no sign of free insulin can be found in
the figure even at the highest [Ins] (10 mg/mL), where the
number ratio reaches 10. The result is quite different from the
Mb + jND and BSA + jND studies reported above where both
free Mb and BSA are clearly present in supernatant when the
jND surface is saturated. Apparently, eq 2 is not appropriate to
describe the adsorption behavior here for insulin. Is this
because insulin has not saturated the jND surface? Or, is it
simply a different kind of surface attachment? To address this
issue, we compare the result with the attachment of insulin to
hND.
With [hND] fixed at 1.0 mg/mL, the samples containing

[Ins] = 0.01−0.05 mg/mL give the number ratios of 6−30,
respectively. Similar to the surface attachment on jND (Figure
4a), the spectra feature only free hND scattered light toward
the far UV region, which decreases in increasing insulin
concentration (data not shown). At [Ins] = 0.05 mg/mL, the
amount of the scattered light becomes small enough that the
signal intensity virtually merges in the spectrum baseline. At
this concentration, most of hND particles are precipitated out

Figure 3. UV−vis absorption spectra of BSA stock (1.0 mg/mL) and
BSA + jND supernatant for [BSA] = 0.5−20 mg/mL (numbers in
parentheses) in 10 mg/mL jND at pH 5.5. (See text.) Appropriate
dilution of the supernatant was made to obtain the spectra with
−log(I/I0) < 2 in measurement.
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by insulin in some form of the Ins + hND complex, leaving no
free hND in supernatant. With continued increase of the insulin
concentration (Figure 4b), free insulin begins to appear in the
supernatant. While no sign of insulin is observed at the least
[Ins] (0.1 mg/mL) in this group of samples, a distinctive
absorption band emerges at around 280 nm, as [Ins] grows to
0.5 mg/mL and more. The band matches perfectly both in the
shape and peak position with the absorption of the insulin
stock. Furthermore, the absorption band intensity increases
when [Ins] raises in the supernatant, the same as in the cases of
Mb + hND and BSA + hND.14 In analogy to these two cases,
beyond the surface saturation of hND, equilibrium is
established between free and surface-bound insulin. At [Ins]
= 0.5 mg/mL in Figure 4b, the surface is nearly saturated, and
each 30 nm hND can accommodate up to 200 insulin
molecules on its surface.
To explore further the difference in the adsorption behavior

of insulin onto these two types of NDs, we look to mass
spectrometry for clues. Figure 5a shows mass peaks obtained
from Ins + hND prepared in 1.0 mg/mL of hND and 2.0 mg/
mL of insulin at pH 4.5. The mass spectrum consists of a
dominating peak at around 5800 and its dimer peak with
intensity less than 1% of the monomer. At this concentration,
the corresponding Ins/hND number ratio is 1200, which is well
above the surface saturation estimated by UV−vis above. The
data support the model of a monolayer coverage of insulin on
hND. This surface attachment pattern is a result of the strong

surface−protein interaction, which reduces the intermolecular
protein−protein interaction upon adsorption.
Insulin attachment on jND has given mass spectra in Figure

5 (panels b and c). The two samples represent two different
levels of insulin content: the lower [Ins] (4 mg/mL) in (b) and
the higher [Ins] (10 mg/mL) in (c), both in [jND] = 10 mg/
mL. Unlike that of hND, multiple peaks appear in both spectra,
each corresponding to the mass of an Ins-multimer. In the
expanded intensity scale of Figure 5b, the sample showed mass
peaks up to 4 times the insulin molecular mass. Since the UV−
vis spectra showed no free insulin absorption in the supernatant
at this insulin concentration, aggregates of at least 4 insulin
molecules must have existed on the surface of jND. The result
is in agreement with our calculation for the Ins/jND number
ratio of 4.5 at this concentration. Similarly, as the [Ins] was
increased to 10 mg/mL, a progression of the mass peaks can be

Figure 4. Comparison of UV−vis absorption spectra of (a) Ins stock
(1.0 mg/mL) and Ins + jND supernatant at pH 6.0 and (b) Ins stock
(1.0 mg/mL) and Ins + hND supernatant at pH 4.5. (See text.) The
three featureless absorptions in (a) are due to light scattering from
NDs at [Ins] = 0.5−4.0 mg/mL (numbers in parentheses) in 10 mg/
mL jND. The absorptions at 280 nm in (b) are due to [Ins] = 0.1−2.0
mg/mL (numbers in parentheses) in 1.0 mg/mL hND. Appropriate
dilution of the supernatant was made to obtain the spectra with
−log(I/I0) < 2 in the measurement.

Figure 5. MALDI-TOF mass spectra of (a) Ins + hND prepared with
[Ins] = 2.0 mg/mL in 1.0 mg/mL jND and (b and c) Ins + jND
prepared with [Ins] = 4 and 10 mg/mL (numbers in parentheses),
respectively, in 10 mg/mL jND at pH 6.0.
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easily identified up to 8 (Figure 5c). It suggests that all added
insulin molecules are attached on the jND surface and, because
of the strong protein−protein interaction, they are likely to
attract each other together. Interestingly, the protein−protein
attraction is strong enough to hold the insulin aggregates
together through the laser-induced detachment and ionization
process from jND.
The fact that not only can insulin grow in a large number on

jND but also its stability is maintained and supports the model
of insulin attachment on jND as

+ ⇌ ·nIns jND (Ins) jNDn (3)

In order to understand the formation of the insulin
aggregates, we took a systematic approach in measuring the
zeta potential of Ins + jND. Figure 6 displays a set of zeta

potential measurements at [Ins] = 0−10 mg/mL with constant
10 mg/mL jND. Again, the high positive potential (+37 mV) of
free jND prevents the particles from aggregation. Free insulin
was measured at a negative potential, −15 mV, and when a
small amount of insulin was first added, 0.5−2 mg/mL, the zeta
potential was measured in the high +42 mV range, in favor of
the Ins + jND complex at the nonaggregated state. As [Ins]
increases to 4 mg/mL and above, the potential shows a
dramatic decrease to +9 mV or less, indicating aggregation may
have occurred that helps to stabilize the potential of the Ins +
jND complex. This potential gap is coincident with the spectral
result. When compared to UV−vis data (Figure 4a), the
samples with high zeta-potential ([Ins] = 0.5−2 mg/mL) all
correspond to spectral signals with significant scattered light.
Free jND or positively changed (Ins)n·jND particles are
observed in supernatant. The low-potential samples ([Ins] =
4−10 mg/mL) give spectral signals well-aligned with the
baseline in the figure, which have little or no scattered light. At
this point, there is no free jND present in supernatant any
more. All the NDs have become part of the Ins + jND complex
aggregates in the precipitate, which is thermodynamically more
stable than its free form in solution.
The question remains: what is the form of the insulin

assembly on the surface? It is known that insulin in aqueous
solution can exist as monomers, dimers, tetramers, and
hexamers, depending on [Ins], solution pH, and the presence
of other ions.27 Aggregation of insulin also occurs at various
interfaces.28 In a kinetic study of insulin aggregation and
fibrillation on a hydrophobic polystyrene surface, Smith et al.29

reported a rapid formation of stable insulin aggregates at the
initial stage of insulin growth, which was measured at a radius

of 13 ± 1 nm. Additional Thioflavin-T fluorescence study was
used to monitor β-sheet formation and their data show a
significant amount of intermolecular β-sheets in the aggregates.
As will be discussed in the following section, we have also
found stable insulin multimers on ND that may follow the
similar aggregation pattern. No insulin monomer attachment
was ever observed in this work.

Desorption of Protein−ND. We now turn to the question
of protein−ND structural configuration by investigating
desorption of the protein−ND complex.
In the experiments, after centrifuging, supernatant of the

sample solution was discarded and the precipitated nano-
diamond with attached proteins were collected. The precipitate
was washed and redissolved in buffer solution before being
centrifuged again. The new supernatant, called “1st wash”, was
collected and analyzed by DLS measurement for the particle
size. Therefore, any protein or nanodiamond present in the first
wash must have come from the protein−ND precipitate (i.e.,
desorption from the protein−ND precipitate). These desorbed
pieces are fragments falling off from the collective ND−protein
complexes, which may be nanodiamond or free protein but also
protein−ND complex that still bears resemblance to the
precipitate. By studying these desorbed fragments, we hope to
get further clues into the structural configuration of the
protein−nanodiamond complex. In addition, by varying protein
concentrations in the sample solution, and hence changing the
protein surface coverage, it may also affect protein attachment
on the nanodiamond. Therefore, it is reasonable to assume that
the configuration of desorbed fragments from the protein−ND
precipitate may be different as protein concentration is
changed. The fragmentation pattern, if present, may lead to
some understanding of the interactions between protein and
nanodiamonds as discussed in the following sections.
Dynamic light scattering measurement data from the first

wash for the three proteins + hND in this study are included in
Table 1. The table consists of experimental measurement of the
size (in diameter) of desorbed fragments in increasing protein
concentrations, as well as the assignment of the particle
numbers for protein and nanodiamonds in each desorbed
fragment sample. Furthermore, each protein size in Table 1 is
derived based on the assignment and the known hND size. A
glance over data in Table 1 clearly reveals that the size
distribution of desorbed fragments in all three proteins appears
not random and all fragments are small in size. No large
aggregates observed. In fact, the fragmentation shows a
preference for specific combinations of proteins with nano-
diamonds. Finally, no free proteins detected, even at the highest
concentration reported in the table, which may have been
caused by protein’s loose structural density and hence low
refractivity. It was observed in the experiment that adding ND
would enhance detection sensitivity to a considerable extent in
the DLS measurement.
The quantitative analysis starts with hND because of its large

size and, hence, substantial contribution to the size measure-
ment. Table 1 shows the first wash of hND with three proteins,
each appears to have a rather specific measurement with a
narrow range of size distribution. The average diameter is in the
neighborhood of 70, 45, and 35 nm for BSA (pH 4), Ins (pH
4.5), and Mb (pH 5), respectively. Perhaps the most striking
surprise from this table is that the size shows little or no change
with the increasing of protein concentration, which is over a
range as wide as 10-fold.

Figure 6. Zeta potential measurements of jND, Ins, and Ins + jND for
[Ins] = 0.5−10 mg/mL (numbers in parentheses) in 10 mg/mL jND
at pH 6.0.
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The assignment of protein and nanodiamond numbers
follows the model of the spherical topography of hND with the
known average unit size, 30−31 nm, determined empirically.
Therefore, the diameter in each DLS measurement other than
nanodiamond must be contributed by protein. When the size of
the desorbed fragment is small, involving only one or two
hNDs, it is easy to assign each DLS measurement by a pair of
protein and nanodiamond numbers. The resulting protein/
hND number ratio may resemble the unit structure of the
protein−hND complex. Following this logic, the three proteins
are found to have protein/hND ratio of 2/2 (double pair) for
BSA, 1/1 (single pair) for both Ins and Mb. The average size of
each protein derived according to these data is BSA = 6.6, Ins =
12.8, and Mb = 5.9 (all diameter in nm), with a standard
deviation of ∼5%. BSA is not a globular protein and, depending
on which site is in contact with hND, the size measurements of
BSA-hND may vary. As stated earlier, crystallography data of
BSA indicate a molecular geometry averaging 4 × 4 × 14 nm.
The average 6.6 ± 0.2 nm diameter measured in this work
seems to be a reasonable representation of BSA attaching to
hND at some tilt angle.
Table 1 displays a simple pattern in size measurement for

Ins-hND over a 10-fold Ins concentration. The only two sizes
observed, 30 or 44 nm, are attributed to hND and a single pair
of Ins and hND, respectively. The fact that only one Ins-hND
size is present exclusively throughout such a wide concentration
range suggests an extraordinary stable Ins conformation, giving
this Ins-multimer a derived diameter of 12.8 ± 0.4 nm. For a
comparison, the crystal structure of 2 Zn Ins-hexamer shaped in
an oblate geometry of 5 nm in diameter and 3.6 nm of height.30

The stable Ins-multimer observed here has resulted from
exceedingly strong protein−protein interactions that can hold
up a sizable number of insulins together, probably even before
attachment to hND. As discussed above in the Ins+ND
attachment, this Ins-multimer may very well be a small insulin
aggregate. Further study is needed for the structural details of
the Ins-multimer and its stability.
Size measurements of Mb + hND from this work span a 6-

fold Mb concentration range. Table 1 shows the number of Mb
attached on hND ranging from 0 to 2, which may be increasing
with Mb concentration. The derived Mb size is 5.9 ± 0.3 nm in
diameter, which is larger than the average of its globular
structure of 2.5 × 3.5 × 4.5 nm. There may be a slight
adjustment in Mb conformation upon attachment to hND.
Because of hND’s relatively large size, and its ample surface
available for protein attachment, our DLS data clearly show that
the surface coverage is monolayer. Desorbed fragments
reported in Table 1 are all in single units of one hND and
one Mb, until reaching the highest [Mb] sample where the
surface becomes oversaturated. The tendency for the Mb +
hND complex to form single units is a confirmation of a strong
protein−surface interaction, perhaps at the expense of
weakening protein−protein attraction.
Analyzing desorption data from the jND surface poses

additional challenges. Unlike hND, whose assignment can be
unambiguously made, jND is either compatible or smaller than
the proteins tested in this work. Protein attachment can no
longer be treated as adsorption on a two-dimensional surface.
Instead, it must be considered conformational interaction
involving structural geometry of the nanodiamond. The
assignments can no longer be made uniquely using DLS data
alone, further study will be needed for verification.

■ CONCLUSION

This work surveys the surface attachment of three proteins
(Mb, BSA, and Ins) of different sizes, molecular mass,
conformation, and biological functions with two kinds of
NDs: positively charged jND and negatively charged hND. The
study clearly reveals a significant difference in binding affinity
between these two NDs for proteins. The monocrystalline
hND, with its strong protein−surface interaction with all three
proteins, favors monolayer protein coverage, similar to a thin
film on the particle surface. The detonated jND, on the other
hand, shows a significantly less protein−surface interaction with
the proteins. Because of the small size of the diamond
nanoparticles (only ∼4 nm), both the Mb and BSA form 1:1
complexes with the jND at saturation. Insulin has strong
intermolecular bonding and forms stable multimers of 13 nm in
diameter on the ND surface. Both NDs have great potential to
serve as biocompatible vehicles for drug delivery in biology and
nanoscale medicine.
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Table 1. DLS Size Measurement of Protein + hND

(protein,
hND)

(mg/mL)
diameter
(nm)

hND
number

protein
number

diameter
fit (nm)

protein
(nm)

BSA + hND hND =
30 nm

BSA
(1, 1) 69.4 ± 10.8 2 1.5 70.1 6.3
(2, 1) 73.3 ± 10.6 2 2 73.2 6.7
(5, 1) 74.0 ± 10.5 2 2 73.2 7.0

avg = 6.6
std = 0.4
std% = 5.5%

Ins + hND hND =
31 nm

Ins
(0.01, 1) 30 ± 5.2 1 0 31.0
(0.025, 1) 44.2 ± 6.5 1 1 43.8 13.2
(0.05, 1) 44.2 ± 7.6 1 1 43.8 13.2
(0.1, 1) 43 ± 7.4 1 1 43.8 12.0

avg = 12.8
std = 0.7
std% = 5.4%

Mb + hND hND =
30.5 nm

Mb
(0.05, 2) 36.6 ± 6.4 1 1 36.2 6.1
(0.1, 2) 36.5 ± 6.5 1 1 36.2 6
(0.2, 1) 31.5 ± 5.5 1 0 30.5
(0.3, 1) 41.7 ± 7.2 1 2 41.8 5.6

avg = 5.9
std = 0.3
std% = 5.1%
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