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ABSTRACT: Cationic nanoparticles are known to interact with
biological membranes and often cause serious membrane damage.
Therefore, it is important to understand the molecular mechanism
for such interactions and the factors that impact the degree of
membrane damage. Previously, we have demonstrated that spatial
distribution of molecular charge at cationic nanoparticle surfaces
plays an important role in determining the cellular uptake and
membrane damage of these nanoparticles. In this work, using
diamond nanoparticles (DNPs) functionalized with five different
amine-based surface ligands and small phospholipid unilamellar
vesicles (SUVs), we further investigate how chemical features and conformational flexibility of surface ligands impact nanoparticle/
membrane interactions. 31P-NMR T2 relaxation measurements quantify the mobility changes in lipid dynamics upon exposing the
SUVs to functional DNPs, and coarse-grained molecular dynamics simulations further elucidate molecular details for the different
modes of DNP−SUV interactions depending on the surface ligands. Collectively, our results show that the length of the
hydrophobic segment and conformational flexibility of surface ligands are two key factors that dictate the degree of membrane
damage by the DNP, while the amount of surface charge alone is not predictive of the strength of interaction.

■ INTRODUCTION
Surface charge plays a critical role in maintaining the colloidal
stability of nanoparticles (NPs) and controlling their
interactions with the surroundings.1 Therefore, modulating
the properties of these surface-charged groups is key to control
the reactivity, biocompatibility, and biological responses of
functionalized NPs. Prior studies have established that
positively charged (cationic) functional groups at NP surfaces
induce significantly stronger cell interaction and internalization
compared to neutral or negatively charged (anionic) groups2,3

due to favorable electrostatic interactions between the NPs and
cell surfaces, which are typically negatively charged. Current
strategies of controlling the NP−cell interactions are limited
and mainly focus on tuning the charge density,4,5 functional
groups,1 and the overall hydrophobicity6,7 of the NP surfaces.
A few number of studies have shown that variations in
conformation8 and ligand arrangement9 of the molecular layer
at NP surfaces lead to different cellular uptakes and membrane
interactions; these studies suggest that presentation of the
surface molecular layers plays an important role in nano-
particle−cell interactions.
One key challenge to developing a molecular-level under-

standing of how the conformation and presentation of NP
surface charge impact cell interactions is that on most NPs
studied previously, the molecular surface layers can be easily
removed or displaced under biological conditions.10−12 As a
result, the actual surface chemical composition at the time of
interaction is largely unknown. Diamond nanoparticles

(DNPs) provide a robust platform to investigate the impact
of surface features since it is possible to functionalize their
surfaces with diverse ligands via covalent interactions.13−16

Taking advantage of this unique advantage of DNPs, we
demonstrated that the spatial distribution and presentation of
charged groups play a key role in determining NP−cell
interactions, regardless of their ζ potential and identity of the
cationic functional groups.17 Specifically, the positive charges
carried by linear molecular ligands show minimal interactions
with the cell membrane, while cationic polymer ligands lead to
significant membrane interactions.17

Here, we present a combined experimental and computa-
tional study to demonstrate how the conformation and
presentation of charged functional groups at DNP surfaces
impact their interactions with model phospholipid membranes.
Figure 1 shows the five cationic DNP surfaces that we
designed, including four surfaces modified with linear
molecules bearing terminal surface charges and one surface
covalently linked to a cationic polymer. DNPs functionalized
with a primary amine and quaternary amine via a short
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aliphatic chain (C3) were designed to identify the influence of
amino functional groups. DNPs functionalized with a longer
aliphatic chain (C11) terminated with tetramethylammonium
group (C11-N(CH3)3

+-DNPs) are designed to explore the
influence of hydrophobic chain length. DNPs functionalized
with tetraethylenepentamine (TEPA−DNPs) were prepared to
determine the influence of charges distributed along the length
of the molecules. Finally, DNPs functionalized with poly-
(allylamine) (PAH−DNPs) via covalent linkage were prepared
to determine the influence of ligand conformational flexibility.
We used phospholipid small unilamellar vesicles (SUVs) as a
model membrane, as commonly done in the literature.18−21 A
fluorescence-based SUV lysis assay determines the membrane
damage upon amino DNP exposure and shows that PAH−
DNPs induce the highest degree of membrane damage.
Furthermore, 31P-NMR T2 relaxation measurements combined
with coarse-grained (CG) molecular dynamic simulations were
used to probe changes in the SUV membrane at the molecular
level upon exposure to amino-functionalized DNPs. Our
results show that the molecular ligand-functionalized DNPs
and polymer−DNPs induce different degrees of membrane
damages with distinct interactions. PAH−DNP induces a high
degree of membrane damage by penetrating deeply into
phospholipid layers via the highly mobile poly(allylamine
hydrochloride) (PAH) chains extending away from DNP
surfaces. By contrast, DNPs functionalized with linear
molecular ligands induce much weaker interactions by either
adsorbing at the membrane surfaces via electrostatic
interactions or inducing lipid extraction. Our study demon-
strates that compared to short conformationally rigid surface
groups, long conformationally flexible groups at nanoparticle

surfaces intercalate much more effectively into phospholipid
membranes. Thus, the conformational flexibility of surface
ligands is a key factor that controls the biological impact of
cationic-functionalized nanoparticles. While demonstrated here
for molecules having well-defined structures, we anticipate that
factors probed here may also be important in understanding
how other types of nanoparticle molecular coatings, such as
protein coronas, induce a molecule-specific biological response.

■ EXPERIMENTAL SECTION
Materials and Functionalized Diamond Nanoparticles

(DNPs). Nanopure water (Barnsted Nanopure system, resistivity ≥
18 MΩ·cm) was used for all experiments. Diamond nanoparticles
were functionalized using a radical-based grafting method described
previously.16 Detailed characterization using X-ray photoelectron
spectroscopy, 1NMR, and dynamic light scattering is described in the
SI. Figure 1a shows the scheme of the five cationic diamond
nanoparticles (DNPs) that are functionalized with short molecular
ligands (C3-NH3

+ and C3-N(CH3)3
+), long molecular ligands (C11-

N(CH3)3
+ and TES), and polymer (PAH). Dimethyl vinylphospho-

nate (>95%, GC, Millipore Sigma) was used to functionalize DNPs
(31P-DNPs) as a control for the T2 relaxation NMR experiments.
Palmitoyl-oleoyl phosphatidyl choline (POPC), palmitoyl-oleoyl
phosphatidyl glycerol (POPG), and 50 nm pore-size polycarbonate
filters (for separating and purifying vesicles) were purchased from
Avanti Polar Lipids. Figure 1b shows the scheme and chemical
structure of a small unilamellar vesicle (SUV) that is made with
POPC and POPG lipids.

Preparation of POPG/POPC SUVs. We prepared vesicles of
mixed POPG/POPC composition following literature methods that
produce small unilamellar vesicles with an overall diameter of 50−100
nm.21,22 After the POPG and POPC lipids were mixed at a 1:9 molar
ratio in a round-bottom flask, the phospholipid mixture was dried
under a nitrogen stream while rotating the flask to form an even and
thin layer of lipid film on the bottom of the round-bottom flask. The
phospholipid mixture was further dried under a nitrogen stream or
vacuum overnight to completely remove the chloroform.

Preparation of POPG/POPC SUVs for the Fluorescence
Leakage Assay. Dried phospholipid films were resuspended in 2 mL
of 10 mM MES buffer with calcein (25 mM). Droplets of NaOH
solution (2 M) were added to the phospholipid−calcein buffer
solution until the calcein dye was fully dissolved. The final solution
exhibits a dark red-orange color and was subsequently freeze−thawed
in a microcentrifuge tube between liquid nitrogen and a 20 °C water
bath a minimum of 10 times. The phospholipid vesicles were broken
down into smaller unilamellar vesicles by extrusion (at least 20 times)
using a polycarbonate membrane with a pore size of 50 nm; the
resulting solution was clear (red-orange color). These SUVs were
further purified using size exclusion column chromatography to
separate the calcein-encapsulated SUVs from the excess-free calcein
dyes. In this step, 400 μL of the extruded SUV suspension was loaded
onto a Sepharose CL-4B column (10 mm × 100 mm) and was eluted
with 10 mM MES buffer. The calcein-encapsulated SUVs elute before
the free calcein and appear as a faint brown-orange band in the
column. The purified calcein-encapsulated SUV solution was diluted
1000 times in 10 mM MES buffer (50 μL SUVs in 50 mL buffer). We
found that leaving samples for 1 day in ambient illumination yielded
lower fluorescence from dye molecules in the aqueous medium
outside the vesicles and therefore adopted this 1 day stabilization as
part of our procedure.

Preparation of POPG/POPC SUVs for the 31P-T2 NMR
Experiment. The dried phospholipid film was resuspended in 2
mL of 10 mM MES buffer. The final solution exhibits an opaque
milky color and was subsequently freeze−thawed in a microcentrifuge
tube between liquid nitrogen and a 20 °C water bath a minimum of
10 times. The phospholipid vesicles were broken down into smaller
unilamellar vesicles by extrusion (at least 20 times) using a
polycarbonate membrane with a pore size of 50 nm, and the resulting
solution should be clear (white color). The purified POPG/POPC

Figure 1. Scheme of (a) four DNPs functionalized with linear
molecular ligands and one functionalized with PAH polymers and (b)
negatively charged palmitoyl-oleoyl phosphatidyl glycerol (POPG)/
Palmitoyl-oleoyl phosphatidyl choline (POPC) SUVs used in this
study.
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SUVs were characterized by dynamic light scattering and micro-
electrophoretic light scattering, and our results show that the purified
POPG/POPC SUV is 51 ± 12 nm and carries a negative ζ potential
of −9.2 ± 1.2 mV.
Evaluation of SUV Lysis toward Functionalized DNPs. To

evaluate the membrane damage of five different cationic-function-
alized DNPs, we used a fluorescence-based method to quantify the
membrane damage of the phospholipid SUVs.22,23 Steady-state and
time-resolved fluorescence measurements were collected with
excitation wavelength at 480 nm and emission at 515 nm using a
PTI QuantaMaster 300. During the experiment, the fluorescence
intensity of 1 mL of the calcein-encapsulated SUVs was measured as
the background signal. Once the signal stabilized, 50−60 μL of the
stock-functionalized DNP solution was added to the 1 mL calcein-
encapsulated SUV solution with final amine concentrations of 10, 20,
40, and 80 nM. Lysis of the SUVs by the functionalized DNPs induces
an increase in fluorescence intensity. The signals were monitored until
the fluorescence intensity stabilized. Finally, 50 μL of 1% Triton-X-
100 was added to the SUV−DNP solution to complete the lysis of
SUVs and the fluorescence intensity was recorded until the signal
plateaued. All fluorescence results were collected using 1 day old
SUVs at room temperature under constant stirring. All fluorescence
measurements were repeated at least three times for each sample at
each concentration to obtain the average values and error bars. The
time-resolved fluorescence curves were analyzed as described
previously,22 and the percentage of phospholipid SUVs lysed was
calculated using %lysed = (Imax − Isample)/ (Imax − Ibackground) × 100.
The Imax represents the average fluorescence intensity of the maximum
SUV lysis, Isample represents the fluorescence intensity of the calcein-
encapsulated SUVs upon exposure to functionalized DNPs, and
Ibackground represents the fluorescence intensity of the calcein-
encapsulated SUVs without NPs.

31P-T2 Relaxation NMR Experiments. The SUVs that were used
for 31P-T2 relaxation NMR experiments were exposed to each
functionalized DNP for 1 h. To archive optimal NMR signals, the
extruded SUV solution was only diluted 10 times in D2O and the
amine concentration of the functionalized DNPs was adjusted
accordingly to maintain consistency between T2 measurements and
fluorescence-based lysis assay. The ratio between SUV and function-
alized DNPs in the final solution is the same as the ratio of those from
the fluorescence-based lysis assay with a final amine concentration of
20 nM. All NMR measurements were performed using a Bruker
Avance-500 spectrometer with a Prodigy probe. T2 was measured by
the Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence. The
relaxation delay (d1) was set as 7 s, which is more than 3 times longer
than the T1 (measured by the inversion recovery method) of the 31P
peaks. All measurements use SUVs that are less than 1 week old and
were collected at room temperature with 1500 scans per experiment.
Normalization of SUV Membrane Damage to Amine

Concentration. While biological responses to nanomaterials are
often plotted versus nanoparticle concentrations, our work aims at
understanding the influence of cationic amino functional groups. The
amino groups’ densities on different functionalized nanoparticles vary
with the identity of the ligand. Nanoparticles functionalized with
linear molecular ligands carry a smaller number of amino groups
compared with DNPs functionalized with cationic polymers. There-
fore, to understand whether this inherently higher amine content in
PAH−DNPs contributes to the significantly higher SUV membrane
damage, we normalized the responses of SUV fluorescence leakage
assay using the total concentration of charged amine groups in each

sample. We used quantitative 1H NMR to determine the total
concentration of amine moieties in each sample and analyzed the
SUV membrane damage to show the resulting biological impact for a
given concentration of amino groups. This normalization allows us to
compare the SUV membrane damage to per amine among different
DNP surfaces. For quantitative NMR analysis, three known amounts
of each propylamine (with D2O), propyl trimethylamine (with D2O),
11-trimethylamine (with D2O), tetraethylenepentamine (with D2O),
and polyallylamine (with D2O) were used as external standards, and
peak integrations were compared to these standards. Relaxation delay
was set to at least 5 times the T1 of the standards and integrated peak
areas are normalized with the number of scans and the receiver gain.
The NMR spectra of all samples and corresponding details are
included in Zhang et al., 202017 since the same batches of the five
different amine−DNPs are used.

Molecular Dynamics (MD) Simulations. We studied the
interaction between functionalized diamond nanoparticles and SUVs
using molecular dynamics simulations and a coarse-grained (CG)
MARTINI force field;24 the choice of a CG model was motivated by
the requirement of long simulations to probe the impact of
functionalized nanoparticles on the structure and stability of the
SUVs. The SUVs studied in the simulation have a composition of 9:1
DLPC/DLPG lipids and contain 920 DLPC lipids and 102 DLPG
lipids; the radius is between 6 and 7 nm. At the coarse-grained level,
the chemical structures of DLPC and DLPG lipids are essentially
identical to those of POPC and POPG lipids (the lipid tail contains
one additional double bond for POPC and POPG). Previous analysis
demonstrates that the BMW-MARTINI model {Wu, 2010 #52;Wu,
2011 #94} is more consistent with all-atom simulations for the
interaction between a cationic nanoparticle and lipid bilayers.25

Therefore, we used BMW-MARTINI models for this study.
The compositions of the various diamond nanoparticles (DNPs) at

the coarse-grained level are summarized in Table 1. Untreated DNPs
have oxidized surfaces that are hydrophilic.15,26 Therefore, we used a
set of hydrophilic P4 beads with a core size of 4 nm in diameter for all
MD simulations. We also tested the use of P1 bead, which is more
hydrophobic than P4; the results (see the Supporting Information)
are generally similar. Four different surface ligands were examined in
the MD simulation to match experimental conditions, including three
molecular ligands and one polymer (PAH). The molecular ligands
include (1) long amine (LPA) that contains three hydrophobic beads
and one cationic bead, (2) short quaternary amine (SQA) that
contains one hydrophobic bead and one cationic bead, and (3)
tetraethylenepentamine (TEPA), which contains two polar beads and
two charged beads. With coarse-grained simulations, NPs that are
functionalized with the short primary amine ligand show identical
behaviors as those functionalized with the short quaternary amine
(SQA) ligand.25 For poly(allylamine hydrochloride) (PAH) polymer-
functionalized DNP surface, two PAH−DNP models were simulated
to explore the influence of conformational flexibility: eight PAH20
chains covalently attached on one end to DNPs and eight PAH20
chains with both ends covalently anchored to the DNPs. These two
models exhibit different ligand conformations and flexibilities at DNP
surfaces; they are referred to as the flexible PAH−DNP and rigid
PAH−DNP models, respectively.

Each simulation was carried out for at least 1 μs using GROMACS
version 2016.3 with an integration time step of 20 femtoseconds.
Pressure and temperature were controlled using the Berendsen
barostat and thermostat with a coupling time of 4 and 1 ps,
respectively. The temperature was maintained at 300 K, pressure at 1

Table 1. Compositions of Functionalized Nanodiamonds (DNPs) Studied with the BMW-MARTINI Model

materials bead type no. of ligands total ligand charge (e)

LA−DNPs 3C1 + 1Qd (+1e) 138 +138
SA−DNPs 1C1 + 1Q0 (+1e) 138 +138
TEPA−DNPs 2P5 + P5(+1e) 1Qd (+1e) 138 +276
PAH−DNPs 1C1 + 1Qd (+1e) 8 (PAH20), 16 (PAH20) +160, +320
untreated DNPs P4 0
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bar, and the compressibility was 3 × 105 bar−1. Coulomb interactions
were calculated using particle mesh Ewald (PME) with a grid size of
∼1 Å, and nonpolar interactions were treated with the tabulated
potential developed for BMW-MARTINI with a cutoff distance of 1.4
nm. The system size was approximately 23 nm x 23 nm x 23 nm with
0.15 M NaCl. The SUV was generated using CHARMM-GUI with
the established protocol for equilibrating the interior water content.27

The DNP was set to be 10 Å away from the SUV at the beginning of
each simulation.

■ RESULTS AND DISCUSSION
Impact of Cationic DNPs on POPG/POPC Phospholi-

pid SUVs. We examined the influence of the five different
cationic amino-functionalized DNPs on 1:9 POPG/POPC
phospholipid SUVs using a fluorescence-based leakage assay
and calculating the percentage of SUVs that were lysed.22,23

Figure 2a shows one representative data set, obtained using a

consistent amine concentration of 40 nM in each sample.
There are three stages in each curve. During the first stage
(shown in the green block), only the calcein-encapsulated
SUVs were present; the resulting fluorescence intensities are
the smallest and are treated as background signals arising from
incomplete self-quenching of the highly concentrated dye
molecules encapsulated inside the SUVs. After a stable
background was recorded, a solution of functionalized DNPs
containing a fixed amount of amine groups was injected into
the calcein-encapsulated SUV solution. In this second stage

(shown in the yellow background), the data show an initial
rapid increase in fluorescence intensity in each curve
immediately after the DNPs are injected, followed by a
plateau. Finally, Triton-X was added to completely lyse all
SUVs. In this third stage, the fluorescence intensity further
increases, reaching a single value that is identical for all
samples. These data show that the introduction of DNPs into
the solution containing SUVs leads to the lysis of a fraction of
the SUV. For a fixed amine concentration, the data show that
the fraction of SUVs lysed depends significantly on the identity
of the surface ligands. A comparison of the data for different
surface ligands shows that at the same amine concentration,
PAH polymer-functionalized DNPs induced the greatest extent
of membrane lysis, followed by DNPs functionalized with long
linear ligands (C11-N(CH3)3

+-DNPs and TEPA−DNPs). The
DNPs functionalized with short linear ligands (C3-NH3

+-
DNPs and C3-N(CH3)3

+-DNPs) induce the lowest lysis.
Figure 2b shows the quantification results of the final SUV

membrane lysis percentage after the SUVs were exposed to the
five different amino DNPs at different concentrations of
surface-tethered amino groups. Commensurate with Figure 2a,
these data show that DNPs functionalized with PAH polymer
induce significant damage to SUVs even at low DNP amine
concentration (∼20 nM) and induce 100% SUV lysis at 40 nM
and above. DNPs functionalized with short linear molecular
ligands (C3-NH3

+-DNPs and C3-N(CH3)3
+-DNPs) induced

the least membrane damage across the concentration range
studied, while DNPs functionalized with longer linear
molecular ligands (C11-N(CH3)3

+-DNPs and TEPA−DNPs)
induced membrane damage to an intermediate extent. Figure
2b also includes control studies that were performed using
each of the free molecular ligands; the traces for control
samples overlap each other, obscuring visibility of the
individual traces. In each case, the free ligands induce only a
small change in fluorescence intensity, indicating that the free
ligands alone do not exhibit significant membrane damage
even at the highest concentration studied. Exposure of the
SUVs to the free ligands induces a small decrease in
fluorescence intensity, leading to a level of apparent membrane
damage that is slightly negative. Based on the above data, we
conclude that the lysis of SUV membranes by the amino
groups occurs only when the ligands are linked to the
nanoparticle surfaces. Overall, the data in Figure 2 show that
the amino groups present in a polymer (such as PAH) induce
much stronger membrane interactions compared with the
amino groups at the same concentration that are present in
linear ligands that are tethered more closely to the DNP
surfaces. Our data also show that primary and quaternary
amines have similar effects, indicating that the precise chemical
nature of the charged groups has only a minor impact on the
interaction with the membrane. Finally, we note that while we
present our data using a fixed concentration of DNP-tethered
amino groups in Figure 2b and as the independent variable in
Figure 2c, the PAH-modified DNPs have the largest number of
amino groups per nanoparticle (Supporting Information).
Consequently, if we had instead presented these data as a
function of nanoparticle concentration instead of amino
concentration, the stronger interaction of PAH−DNPs would
be even more dramatic.
Since most biological membranes have a net negative charge,

the interaction of positively charged nanoparticles is frequently
attributed primarily to electrostatic interactions.1,3 The net
surface charge is frequently assessed using measurements of

Figure 2. Percentage of lysed phospholipid SUVs upon exposure to
DNPs functionalized versus (a) experiment time at 40 nM amine
concentration and (b) amine concentration. Some control traces from
the free ligand in (b) are not clearly visible due to the overlapping of
five traces. Error bars represent 1 standard deviation, N > 3 replicates
each. (c) ζ potential of functionalized DNPs in 10 mM MES buffer.
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the ζ potential (ζ potential).22,28,29 Figure 2c shows the ζ
potentials of the five cationic surfaces in 10 mM MES buffer
(SUV media). These data show that ζ potentials of the DNPs
functionalized with the linear molecular ligand are very similar
to those of DNPs functionalized with polymer (PAH−DNPs),
except that the C11-N(CH3)3

+-DNPs and TEPA−DNPs
exhibit slightly smaller ζ potentials. As discussed in our recent
work, the ζ potential may not accurately reflect the surface
charge due to the compensation of counterions. {Liang, 2020
#512} Yet, we find that on a “per amine” basis, the polymer-
modified DNPs (PAH−DNPs), DNPs modified with long
linear ligands (C11-N(CH3)3

+-DNPs and TEPA−DNPs), and
DNPs modified with short linear ligands (C3-NH3

+-DNPs and
C3-N(CH3)3

+-DNPs) all exhibit significantly different mem-
brane interactions. A comparison of the membrane damage
data in Figure 2b with the ζ potential data in Figure 2c shows
that neither the concentration of DNP-tethered amino groups
nor the ζ potential is predictive of the membrane damage
induced by exposure to functionalized nanoparticles.
Based on the above observations, we hypothesize that the

structure and conformational flexibility of surface ligands play
important roles in controlling the DNP−membrane inter-
action. In prior work, we used 1H NMR T2 measurements to
characterize the molecular conformations and relaxation
dynamics of PAH-modified DNP prepared via a different
synthesis route.30 Those studies revealed two distinct
populations, one arising from polymer segments close to the
DNP surface and a second corresponding to highly flexible
segments extending into the aqueous medium.30 Similar
conformations have been reported for other polymers at
planar and nanoparticle surfaces,31,32 with loops and exposed
tails extending into the adjacent liquid medium.33−35 Since in
the present work we use a different method to covalently link
PAH to DNP surfaces, we measured the new PAH−DNPs
with 1H-T2 measurements. Consistent with our prior work, our
present NMR studies show two distinct populations, one
corresponding to sites rigidly bonded to the surface (∼70 ±
5% of all 1H) and a second population associated with highly
flexible polymer loops and tails (∼30 ± 5%) (details in the
Supporting Information). We hypothesize that as the length of
the ligand increases, the conformational flexibility of ligands
changes, resulting in different DNP−membrane interactions.
Specifically, we attribute the high membrane damage of PAH−
DNPs and the lower membrane damage of DNPs function-
alized with linear molecules to differences in the radial extent
and flexibility of their charged groups.
Dynamics of SUV−DNP Complex Elucidated by 31P-T2

Relaxation. To understand the surface functionalization of
DNAs impacting the interactions with SUV membranes, we
analyzed the dynamics of the POPG/POPC SUVs before and
after exposure to amino DNPs using 31P- T2 relaxation NMR.
We chose 31P-NMR to characterize DNP−SUV complexes for
two reasons. First, sample preparation is straightforward for
this set of experiments and no further separation of the DNPs
from the SUVs is needed, since 31P nuclei are present only in
the POPG and POPC lipids. Second, 31P-T2 NMR allowed us
to directly probe dynamic changes of the phospholipids in
SUVs upon exposure to DNPs.36−38 The T2 relaxation time is
the time required for the transverse magnetization to lose
coherence.36,39 In liquids with fast, isotropic tumbling, T2
approaches T1, the time for the magnetization to return to
longitudinal equilibrium.39 However, in constrained environ-
ments, T2 is sensitive to how restricted the motion is, due to

spin−spin (primarily magnetic dipole−dipole) interac-
tions.36,39 Smaller T2 values (broader line widths) indicate
more restricted motions, and larger T2 values (narrower line
widths) indicate less restricted.
Figure 3a shows the 1D 31P spectrum of the untreated SUVs,

and Figure 3b−f shows the spectra of the SUVs after exposure

to functionalized nanodiamonds; also included here are spectra
on an expanded scale showing near 0 ppm chemical shift.
While 31P-NMR spectra of the individual POPG and POPC
ligands in water exhibit very narrow peaks with a full width at
half-maximum (FWHM) of ∼0.14 ppm (Supporting Informa-
tion Figure S5), the 31P spectra from the POPG/POPC bilayer
are significantly broadened, with a peak width of 4.5 ppm
(FWHM). Previous studies of multicomponent SUVs observed
chemical shifts of several ppm between different phospholi-
pids;40 our spectra reveal only a single peak in the spectra of
the SUVs (Figure 3a), suggesting that the phosphate groups in
POPG and POPC and in both outer and inner monolayers are
in similar environments that are not clearly distinguishable.
This peak broadening arises from both heterogeneity in the

Figure 3.
31

P-NMR spectra of (a) POPC/POPG SUVs without DNP

exposure and POPC/POPG SUVs upon exposure of (b) C3-NH
3

+

-

DNPs, (c) C11-N(CH
3
)
3

+

-DNPs, (d) C3-N(CH
3
)
3

+

-DNPs, (e)

TEPA−DNPs, and (f) PAH−DNPs. (g)
31

P-T
2
-NMR exponential

decay curves of samples in (a)−(f) versus time. The inset in (g)
shows the natural logarithm of the exponential decay, with individual
plots offset vertically to eliminate overlap. The biexponential
components of the T2 times and their corresponding spin population
in each sample are plotted in panels (h)−(k).
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local environment and also decreases in spin coherence times
due to strong dipolar interactions between motion-restricted,
closely packed lipids in the vesicle walls.41,42 The SUVs that
were exposed to amino-functionalized DNPs (Figure 3b−f)
show further line broadening (from 5.0 ppm to 8.7 ± 1.9 ppm
FWHM) and a small shoulder at −9 ppm. Previous studies
have shown that line broadening occurs and is sensitive to
mobility39,43,44 or symmetry40 changes of the lipids from SUV
complexes. Consequently, we attribute the additional broad-
ening induced by interaction with the functionalized nano-
diamond to a combination of decreased mobility of the lipids
in the SUV and alterations in the chemical environment, such
as the formation of complexes due to binding of nanoparticles
to the SUVs.45 While most samples exhibit primarily a single
peak with an additional broad structure, SUVs that were
exposed to DNPs functionalized with the PAH, TEPA, or C3-

N(CH3)3
+ ligands clearly show a small but very narrow

component (∼1% spin population) in addition to a broadened
peak. The presence of this narrow peak shows that there are
free lipids in solution, thereby indicating that DNPs modified
with these three ligands disrupt the SUV membranes and
release free lipids into solution.
While the NMR 31P line widths show that there are

significant direct NP−SUV interactions, from these spectra
alone, it is difficult to separate the contribution of
heterogeneous broadening due to multiple chemical config-
urations from that of homogeneous broadening due to reduced
spin coherent (T2) times. We therefore measure the T2
relaxation times of SUVs that were exposed to the different
amino-functionalized DNPs. Figure 3g shows plots of magnet-
ization vs time for the different samples, while the inset to
Figure 3g shows the same data on a semilogarithmic plot. The

Table 2. 31P-T2 Relaxation Results of Untreated POPC/POPG SUVs and Five Amino-Functionalized DNP-Treated SUVsa

dynamic region 1 (more rigid motion) dynamic region 2 (more flexible motion)

T2 (μs) population (%) T2 (μs) population (%)

POPC/POPG vesicle 125.4 ± 11.8 48.1 ± 0.3 500.1 ± 86.4 51.9 ± 1.1
C3-NH3

+-DNPs 10.9 ± 0.5 93.6 ± 0.3 183.8 ± 41.5 6.4 ± 0.1
C3-N(CH3)3

+-DNPs 11.6 ± 0.3 89.8 ± 0.3 142.0 ± 44.1 10.2 ± 0.2
C11-N(CH3)3

+-DNPs 12.0 ± 0.5 88.8 ± 0.4 138.2 ± 28.8 11.3 ± 0.5
TEPA−DNPs 16.1 ± 0.5 68.2 ± 0.2 153.7 ± 12.9 31.9 ± 0.3
PAH−DNPs 109.4 ± 4.6 90.4 ± 0.5 364.6 ± 68.4 9.6 ± 0.3

aAll errors were obtained from regression analysis.

Figure 4. (a) Plots of the distance from the center of mass (COM) of SUV to the center of mass of 3-beads long amine-functionalized DNPs
(black, LA−DNPs), 1-bead short amine-functionalized DNPs (blue, SA−DNPs), and TEPA−DNPs (red). (b) Plots of the number of captured
lipids by the molecular ligand-functionalized DNPs. Snapshots of the interactions between an SUV and (c) LA−DNPs, (d) SA−DNPs, and (e)
TEPA−DNPs. The snapshots were taken by the end of the simulation, and water molecules are not shown.
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inset demonstrates clearly that the curves are biexponential,
exhibiting two distinct regions: one below ∼400 μs and one at
longer times. We fit these data in each region to obtain the
different T2 values and their corresponding spin populations,
which are summarized in Table 2 and Figure 3h−k.
For POPC/POPG SUVs without amino DNPs, the inner

phospholipids that are encapsulated inside the SUVs are
expected to show less mobility compared to outer
phospholipids.46 For example, our MD simulations show that
phospholipids in the inner membranes have diffusion
coefficients almost half of those in the outer layers (Supporting
Information). Based on these computational results, we
attribute the longer (less motionally restricted) T2 components
(500.1 ± 86.4 μs) to the outer-layer phospholipids and the
shorter (more motionally restricted) T2 components (125.4 ±
11.8 μs) to the inner-layer phospholipids. The ratio of 31P
populations for these two T2 components is 1:1, which is
consistent with the assumption of a nearly identical number of
molecules in the inner and outer membranes of the SUV.
Our data show that on exposure to functionalized DNPs, the

31P-T2 times are generally reduced compared to those for the
intact SUVs. For all molecular-amino DNPs, two T2

components were observed; a reduction in T2 demonstrates

that the SUVs increase when interacting with DNPs.
Furthermore, the spin population analysis shows that the
majority of the phospholipids in the SUVs (∼85%) exhibit fast
relaxation (∼12.7 μs), suggesting they are in a highly restricted
geometry. Surprisingly, the specific identity of the cationic
amino groups and the length of the molecular-amino have little
effect, as DNPs functionalized with molecular-amino groups all
show similar T2 values. DNPs functionalized with the
polymeric amino groups (PAH−ND) also exhibit two T2

components; however, the magnitude of reduction in the T2

values is substantially smaller than that exhibited by SUVs
exposed to molecular-amino DNPs, suggesting that the SUVs
increase only slightly in rigidity.
Taken together with the fluorescence-based lysis assay

results, our data show that the interactions between SUVs and
molecular-amino DNPs are different from those between SUVs
and polyamine−DNPs, and the degree of membrane damage is
correlated to the overall mobility of the phospholipid. If lipid
membranes lose integrity, the individual phospholipids are
likely loosely packed and thus more mobile. Vice versa, if
membranes maintain their integrity, the individual phospho-
lipids are more rigid due to ordered packing. We thus propose
that the rigid lipid motions in the presence of molecular-amino

Figure 5. (a) Plots of the distance from the center of mass (COM) of SUV to the center of mass of 8(PAH20)−DNP during the MD simulation; in
flexible PAH−DNP (black), each PAH chain has one end anchored to the DNP surface, while in rigid PAH−DNP (red), both ends of the PAH
chain are anchored to the DNP surface. The inset shows the coarse-grained models for the rigid PAH−DNP (top) and flexible PAH−DNP
(bottom). (b) Radial distribution function of phosphate with respect to the COM of SUV for the cases of SUV only (blue), exposed to flexible
PAH−DNP (black), and exposed to rigid PAH−DNP (red). Snapshots of the interactions between SUV and (c) flexible PAH−DNPs and (d) rigid
PAH−DNPs.
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DNPs result from a strong association of these DNPs at the
SUV surface and that the less restricted lipid motions upon
interacting with polyamine PAH−DNPs result from the latter’s
ability to induce rearrangement or repacking of the
phospholipids within SUVs.
Mechanistic Insights into DNP−SUV Interactions

Using MD Simulation. To investigate in more molecular
detail the different interactions between amino-functionalized
DNP and SUV tests, we conducted coarse-grained molecular
dynamics simulations. We aim to understand how the
dynamics of the phospholipids from the SUV change upon
interactions with polymer-functionalized DNP versus molec-
ular ligand-functionalized DNP.
Figure 4a plots the evolution of the distance between the

centers of mass (COM) of SUV and DNPs functionalized with
molecular ligands during the MD simulation. The results show
clearly that the DNP functionalized with long linear amines
(LA−DNP) interacts more favorably with the SUV and
adsorbs deeply into the phospholipid layer, as shown in the
snapshot in Figure 4c. On the other hand, DNP functionalized
with short linear amines (SA) exhibits much longer COM
separation with the SUV (Figure 4a) and thus interacts much
less with the phospholipid layer. This result demonstrates that
SA−DNP only adsorbs at the SUV surface and induces much
shallower penetration into the phospholipid layer, as shown in
Figure 4d. The TEPA−DNP also adsorbs at the SUV surface
with limited interactions with the phospholipid bilayer, as in
Figure 4e. Since each TEPA carries twice as much charge as an
SA or LA ligand (Table 1), the simulations show that the
charge density of the surface ligand studied here does not play
a major role in determining the DNP interactions with SUV.
Furthermore, we simulated the ability of these DNPs to extract
and capture lipids from the SUV over time. As shown in Figure
4b, the results show that only the long linear amine-DNP
captures lipids from the SUV over time, while short linear
amine-DNP and TEPA−DNP do not extract or capture lipids
from the SUV. We attribute the differential behavior in lipid
extraction to the length of the hydrophobic segment in these
molecular ligands. A long linear amine has a long hydrophobic
segment that packs with the hydrophobic lipid chains
favorably, resulting in strong interactions with the phospho-
lipid membrane, deeper penetration, and lipid extraction. By
contrast, the hydrophobic section in SA is too short to have
favorable packing with the SUV, resulting in weaker
interactions with the phospholipid membrane, surface
adsorption only, and no lipid extraction. Along this line, we
note that the TEPA model used in the simulations does not
feature the hydrophobic linker as in the experimental system,
which likely explains the observation that TEPA−DNP
behaves more similar to SA−DNP in the simulations.
Figure 5a plots the distance change between the centers of

mass (COM) of SUV and PAH−DNP over time. As explained
above, two different PAH−DNPs were simulated to examine
the effect of chain flexibility on SUV−DNP interactions. The
first model has one end of the PAH anchored to the DNP
surface, which represents a PAH chain with a high degree of
flexibility at the DNP surface (flexible PAH−DNP). The
second PAH−DNP model has both ends of the PAH anchored
to the DNP surface to form a loop, which represents a PAH
chain with less flexibility (rigid PAH−DNP).
The results in Figure 5a show that both flexible PAH−DNP

and rigid PAH−DNP adsorb readily to the SUV surface. While
the rigid PAH−DNP shows similar COM distances to the

SUV as the long amine-DNP over time, the flexible PAH−
DNP exhibits much shorter COM distances to the SUV; i.e.,
the flexible PAH−DNP penetrates much deeper into the
phospholipid bilayer than the rigid PAH−DNP. Furthermore,
in Figure 5b, we show the radial distribution function of
phosphate groups relative to the COM of the SUV before and
after PAH−DNP exposure. With the flexible PAH−DNP
model, significant shifts in lipid distribution (∼10 Å from the
SUV without DNPs) are observed for both outer (∼70 Å) and
inner (∼35 Å) lipid layers in the SUV. By contrast, much
limited distribution shifts are observed with the rigid PAH−
DNP model; we note that the direction of the peak shifts is less
significant than the magnitude since the COM of SUV changes
as it deforms. These results demonstrate that the phospholipid
layers are much more perturbed by the flexible PAH−DNP
than by the rigid PAH−DNP, leading to a higher degree of
deformation of SUV, as also illustrated by the snapshots shown
in Figure 5c,d.
Taken together, the MD simulations demonstrate that

PAH−DNPs induce stronger interactions with the SUV
membranes than the molecular ligand−DNPs (LA−DNP,
SA−DNP, and TEPA−DNP). Furthermore, the flexibility of
the PAH chain at the DNP surface plays an important role in
controlling the NP−membrane interactions. PAH chains with
higher flexibility lead to stronger interactions and penetrate
deeply into the phospholipid layers, while PAH chains with
higher rigidity lead to weaker interactions and only adsorption
at the SUV surface. Finally, we have included simulations in
the Supporting Information S.5, showing that increasing the
number of PAH20 chains anchored on the DNP surface does
not lead to deeper membrane penetration. This result again
supports the notion that a higher surface charge density does
not necessarily lead to a stronger interaction with phospholipid
membranes.

Summary of DNP−SUV Interactions with Different
Surface Ligands. Overall, our results reveal two major results.
First, the fluorescence-based lysis assay normalized to amino
concentration (Figure 2b) shows that on a per amine basis,
each amino group of PAHs induces higher membrane damage
than that of linear molecular ligands. Additionally, amino
groups of long linear ligands induce higher membrane damage
than that of short linear molecular ligands. These observations,
along with our MD simulations, suggest that the concentration
of surface-exposed amines at DNP surfaces is not the key to
membrane damage, while the length of the hydrophobic
segment and conformational flexibility of surface ligands are
important. Second, T2-NMR shows that all molecular ligand-
functionalized DNPs induce significantly more rigid motions
for ∼85% of the phospholipids in the SUV. By contrast, the
mobility of the phospholipids remains rather high upon
interaction with the PAH−DNPs. The T2 results strongly
suggest that the conformational flexibility of surface ligands
plays a major role in determining the NP−membrane
interactions. Our computational results further support the
importance of ligand hydrophobic segment and ligand
flexibility on NP−membrane interactions. Only long amine
ligands were observed to extract lipids out of the SUV
membrane, and while rigid PAH−DNP binds to the SUV
surface with no membrane penetration, flexible PAH−DNP
penetrates into the phospholipid bilayer and induces significant
SUV deformation. To observe the actual membrane disruption,
much longer simulations are required.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c01146
Langmuir XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c01146/suppl_file/la1c01146_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c01146?rel=cite-as&ref=PDF&jav=VoR


Taking the experimental and computational results together,
we propose the qualitative descriptions for the DNP−SUV
interactions with different surface ligands in Figure 6. The
PAH−DNPs penetrate through phospholipid membranes and
induce strong SUV deformation via the highly flexible PAH
chains that are extending into the solution (Figure 6a); these
mobile chains “wiggle” deeply into the membrane and induce
phospholipid rearrangement. By contrast, the shorter molec-
ular ligands pack tightly with the phospholipids in the SUV
(Figure 6b−d), leading to fast T2 relaxation, as observed
experimentally (Table 2). The rigidity of the molecular ligands
prevents them from penetrating deeply into the membrane,
and the DNP remains bound to the SUV surface. Nevertheless,
if the molecular ligands feature sufficiently long hydrophobic
segments, they are able to extract lipids out of the membrane
and lead to damage to the SUV. While demonstrated here for
diamond nanoparticles intentionally functionalized with
molecules with well-defined structures, similar considerations
might also be expected to be important for nanoparticles with
other coatings, such as biopolymers that form protein coronas.

■ CONCLUSIONS

To better control how functionalized nanomaterials impact
biological systems, it is essential to understand the molecular
factors that dictate the nano/biointeractions. With a
combination of experimental and computational studies, we
demonstrate here that while cationic surface ligands feature
favorable electrostatic interactions with anionic phospholipid
membranes, the length of the hydrophobic segment and
conformational flexibility of ligands at nanoparticle surfaces
play critical roles in modulating the strength of such
interactions. Our work shows that the membrane deformation
and damage are the greatest when the molecular functional
groups form flexible chains/tails, extending away from the
nanoparticle core. Flexible chains induce greater membrane
deformation and deeper penetration, while rigid molecular

ligands lead to surface adsorption only. While in some
environments nanoparticles might be expected to be coated
with proteins or other biopolymers in the form of a protein
corona, we anticipate that similar structural and conforma-
tional properties of molecules forming coronas will also affect
how nanoparticles with different coronas induce distinct
biological responses. This work provides additional insights
into the factors that govern the interactions between
functionalized NPs and lipid membranes, and the results can
be used to better design nanomaterials for specific effects on
the cell membrane.
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