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ABSTRACT: Revealing the nature of interaction between
graphene oxide (GO) and lipid membrane is a crucial issue
but still remains challenging. Here, we describe our recent
effort toward this direction by studying the GO-induced
vibrational changes of interfacial water and lipid membrane
with surface-enhanced infrared absorption (SEIRA) spec-
troscopy. The experimental results provide evidence that
overcoming the electrostatic repulsion of phosphate group,
its hydrogen bonding attraction as well as the electrostatic
and hydrophobic interaction of choline group are the
driving forces for the effective adsorption of GO on lipid
membrane. This work will open exciting new avenues to
explore the use of SEIRA spectroscopy technique in
probing nanobio interface.

raphene oxide (GO) holds an atomically thin two-

dimensional structure with a range of oxygen-containing
functional groups, such as carboxyls on the edges as well as
hydroxyls and epoxies on the basal plane." These functional
groups endow GO with excellent water dispersity and provide
sites for binding and functionalizing, which facilitate its
applications in biosensing,” bioimaging,” therapeutic molecules
delivery,* photothermal treatment,” and antibacterials,’ etc.
Determination of its possible interactions with components of
the biological milieu to reveal the opportunities offered and the
limitations posed is the key to the development of GO-based
biomaterials and to the management of its biological effect.”
Biomembrane is the first barrier GO may encounter when it is
presented in a biological environment. Therefore, understanding
of how GO interacts with lipid membrane is of great importance
for guiding future applications of GO in biological and
biomedical fields. So far, it is generally accepted that the
electrostatic attraction plays an important role in the interaction
of positive-charged lipid membrane with GO, and GO will not
adsorb on negative-charged membrane due to their electrostatic
repulsion.” However, how GO interacts with zwitterionic lipid
membrane is still unclear and contrary. Some groups reported
that neutrally charged phospholipid do not adsorb GO,**” while
Liu’s group found that zwitterionic liposome can be adsorbed on
the edge of GO without losing membrane integrity.'” On the
contrary, Tu et al. found that lipid membranes lose their integrity
after treated with GO due to the destructive extraction of
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phospholipid from membrane by GO."' These conflicting results
stress the need for in-depth research on the interaction
mechanism of GO with phospholipid membrane at the
molecular level. What’s more, considering the electrostatic
repulsion between negatively charged GO'* and zwitterionic
phospholipid membrane, ' it is significantly important to reveal
what kind of interaction force overcomes their electrostatic
repulsion for understanding the nature of nanobio interaction.

Surface-enhanced infrared absorption (SEIRA) spectrosco-
py'* takes advantage of near-field effects of nanostructure metal
film resulting in an enhancement factor of 10—1000 for
molecules adsorbed to the metal film."> The enhancement factor
could even reach 10*—10° when applying tailored plasmonic
nanoarrays as enhancement substrate.'® Contribution of bulk
solution is eliminated due to the rapidly decayed enhancement
with the distance from the surface, achieving selective detection
of signals from the adsorbed molecule even when the surface is
immersed in water. "> Thus, it is an exquisitely surface-
sensitive technique that could detect even minute absorption
change (as small as 107°) of interfacial molecule induced by
external stimuli.'” The water along the solid surface will be
expelled and reorganized by the enriched sample,'® which
enables SEIRA spectroscopy to investigate the molecular
interaction in situ and in real-time based on observation of the
change of interfacial water."® By combining the advantage of
extremely large extinction coeflicient of water in the mid-infrared
region and strict surface sensitivity of SEIRA spectroscopy, we
provide an ultrasensitive method to successfully probe the
interaction forces between GO and lipid membrane.

The formation of supported lipid bilayer membrane was
monitored in situ by SEIRA spectroscopy (Figure S1 and Table
S1) and further confirmed by electrochemical impedance
spectroscopy and atomic force microscopy (Figures S2 and
S3). The spectrum of a supported zwitterionic phospholipid
membrane-modified Au surface immersed in water or buffer was
taken as the reference, and then series SEIRA spectra were
recorded after addition of fully characterized GO (Figures S4 and
S5) at concentration of S0 pug/mL (Figure 1). Some negative
peaks gradually appear in the v (CH,)) and v (C=0) regions
simultaneously, which might be ascribed to the loss of
phospholipid molecules in the membrane due possible to the
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Figure 1. 3D plot of GO-induced SEIRA spectra changes of supported
lipid bilayer in the presence of 50 sg/mL GO in water at 5 min interval.
The first spectrum (1 min) obtained after addition of GO was shown
with S-fold magnification in v (OH) region.

extractive effect of GO (Figure S6). Furthermore, in v (OH)
region, a weak negative peak due to the replacement of interfacial
water by adsorbed GO can be distinguished, just as the reduction
in absorption of liquid water § (OH) band due to the
displacement of water molecule upon the adsorption of
nanoparticle beads to the interface.'® It disappears and gradually
turns into positive one with elapsed time due to the
rearrangement of interfacial water and penetration of bulk
solution into micro defects of membrane induced by possible
extraction of GO. Therefore, the initial replacement of interfacial
water (negative peak of v (OH) band around 3450 cm™')
suggests the initial interaction between GO and membrane and
can be used as an indicator of adsorption of GO. This negative
peak greatly enhances in intensity when GO interacts with Ca**
pretreated zwitterionic membrane in water (Figure 2A),
suggesting stronger interaction between GO and Ca*" pretreated
membrane. Ca®" will bridge two neighboring lipid molecules
through the phosphate groups and thus neutralizing their
negative charges'” and greatly decreasing the electrostatic
repulsion between GO and phosphate group of phospholipid.
This might facilitate electrostatic attraction between GO and
choline group of phospholipid. To validate this possibility, we
exposed lipid membrane to GO in the presence of choline to
weaken the interaction between GO and choline group.
Moreover, addition of choline will also weaken the electrostatic
attractive and repulsion forces between GO and phospholipid
membrane due to the charge screening effect of the ions.
Unexpectedly, GO strongly adsorbed on membrane in the
presence of choline indicated by strong negative peak in v (OH)
region (Figure 2B). It seems that the enhanced adsorption
suggests a strong nonelectrostatic attractive force between GO
and phosphate group of phospholipid. Unfortunately, we found
that choline molecule can be absorbed on lipid membrane
(Figure S7A). The adsorbed choline may introduce an extra
attractive force between GO and phospholipid membrane,
resulting in the strong negative peak in v (OH) region (Figure
2B). To eliminate the disturbance of the additive, lipid
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Figure 2. GO-induced interfacial water changes in SEIRA spectra at the
initial stage when interacted with Ca®* pretreated membrane in water
(A), with membrane in choline solution (B), in NaCl solution (C), and
in phosphate solution (D) (from bottom to top, 1,2, and 3 min). (B—D)
Maintained the same ionic strength and pH (25 mM, pH 7.4).

membrane was exposed to GO in the presence of NaCl to
weaken their electrostatic attractive and repulsion forces since
the addition of NaCl has no effect on the composition of the
membrane (Figure S7A). Similarly, the v (OH) band also shows
strong reduction, indicating a strong adsorption of GO on
membrane (Figure 2C). This clearly suggests the presence of
strong nonelectrostatic attractive force between GO and
phospholipid membrane, most likely from the phosphate
group of phospholipid. To verify the possibility, lipid membrane
was exposed to GO in the presence of phosphate. As shown in
Figure 2D, no negative peak can be observed in v (OH) region,
indicating that the adsorption of GO on membrane is
dramatically reduced in phosphate solution, though NaCl and
phosphate have the same charge screening effect on lipid
membrane (Figure S7B). This clearly indicates that non-
electrostatic attractive force of phosphate group in phospholipid
may contribute to the adsorption of GO overcoming its
electrostatic repulsion.

To reveal the origin of the nonelectrostatic attractive force, we
closely compared the GO-induced SEIRA difference spectra of
phospholipid membrane in the presence of NaCl (Figure 3A)
and phosphate (Figure 3B). Interestingly, we observed a weak
positive band of v,; (PO,”) only in the presence of NaCl upon
the addition of GO (Figure 3B), although NaCl leads to a little
reduction in its intensity (Figure S7A). Its appearance suggests
that phosphate groups of membrane change their conformation
to an orientation with the v,(PO,”) transition dipole moment
more perpendicular to the surface based on surface selection rule
(Figure S$8).”° This further confirms the contribution of
phosphate group to the adsorption of GO on lipid membrane.
At the same time, a broad band appears at 1700—1750 cm™!
(Figure 3B), which could come from the v (C=0) of the
COOH group of GO (Figure S9) with a different hydrogen-
bonding order.”’ The gradual shift of its position to lower
wavenumber (shown by dashed line in Figure 3B) indicates a
strengthening of hydrogen bond of carboxyl groups.” Therefore,
we propose that the hydrogen bond between carboxyl group of
GO and phosphate group of lipid contributes to the adsorption
of GO. The appearance of v/, (PO, ) band and shift of v (C=0)
band are more obvious when GO interacted with Ca** pretreated
membrane in water (Figure 3C). In NaCl solution, both the
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Figure 3. GO-induced SEIRA difference spectra of lipid membrane at
selected time point (1, 5, 10, 30, 60, and 90 min; from bottom to top) in
phosphate solution (A), in NaCl solution (B), with Ca** pretreated
membrane in water (C), and in choline solution (D).

electrostatic attraction from choline group and repulsion from
phosphate group are reduced, but Ca** pretreatment only
compensates the negative charge of phosphate groups and thus
facilitates the attraction between GO and choline group. Given
the difference between the two cases, it is reasonable to believe
that a long-range electrostatic attraction between GO and
choline group may facilitate the short-range hydrogen-bonding
interaction between GO and phosphate group. This phenom-
enon is much more obvious when GO interacted with membrane
in the presence of choline (Figure 3D). The v,, (PO,”) band
immediately appears after addition of GO, and peak position of v
(C=O0) band gradually shifts from 1740 to 1709 cm~" (Figure
S10A). A reduction in the absorption of ,; ((CH;);N*) band
suggests extra attractive force between GO and membrane-
adsorbed choline, just as the preadsorption of choline on Au film
will enhance the adsorption of GO (Figure S9). It is the extra
interaction between GO and membrane-adsorbed choline that
enhances the short-range hydrogen-bond interaction between
GO and phosphate group of membrane (Figure 3D). Notably,
the peak position of v (C=0) band for GO adsorbed on Au
surface in the presence of choline stays nearly unchanged (Figure
S10B), indirectly confirming that the shift of v (C=0) band
shown in Figure 3D is caused by the interaction between GO and
lipid membrane. In addition, it is also worth noting that no
obvious position change of v,, (PO,”) band (Figure 3B—D)
might suggest that the hydrogen bond between COOH group of
GO and phosphate group of phospholipid could be mediated by
a water molecule, and thus formation of the hydrogen bond does
not affect the hydration status of phosphate group in lipid
membrane dramatically. Although hydrogen bonding is a weak
force, plenty of carboxyl groups on the edge of GO enable a
multivalent binding with lipid membrane, achieving effective
absorption.

A very interesting phenomenon is that GO may extract lipid
molecules from membrane under various experimental con-
ditions (Figures 1 and 3A—C), even in phosphate solution in
which the adsorption of GO on membrane is greatly reduced
(Figure 3A). However, such effect of GO disappears in the
presence of choline since no negative peaks appear at the v
(CH,) and v (C=O0) regions (Figure 3D), although the
adsorption of GO on membrane is strong under such condition.
This suggests that some unidentified interaction forces affect the
possible extractive effect of GO in the presence of choline. Tu et
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al. proposed the main driving force for the extractive effect of GO
is van der Waals force and hydrophobic interaction."" Choline is
a hydrophobic ion because of the hydrophobicity of its
—N(CH;);" group.” The trimethyl groups in choline molecules
may cover the basal plane of GO through hydrophobic
interaction and reduce the hydrophobicity of GO, thus eliminate
its extractive effect. This might suggest the presence of
hydrophobic interaction between GO and the trimethyl groups
in choline molecules. To valid this hypothesis, we exposed GO to
choline and ethanolamine solution overnight, respectively, and
washed GO with a high concentration NaCl solution to remove
adsorbed choline or ethanolamine molecules by electrostatic
interaction and then measured their { potentials in aqueous
solution (Figure S11). We found that the { potential of GO is
significantly reduced with choline treatment while not with
ethanolamine treatment, indicating the strong hydrophobic
interaction between GO and choline. Trimethyl group, the only
difference between choline and ethanolamine molecules results
in their different absorbability with GO. Given the strong
hydrophobic interaction between the trimethyl group of choline
and the GO in solution, it is reasonable to deduce the
hydrophobic interaction between choline group of lipid
membrane and GO.

It seems that the hydrophobic interaction between lipid
membrane and GO plays an important role in the possible
extractive effect. However, future investigation is required to find
out whether it comes from choline group or from alkyl chain of
lipid. In addition, the inherently heterogeneity of GO samples:
hydrophobic basal plane and oxidized hydrophilic group on
edge”” and the incomplete shielding effect of all kinds of additives
might weaken the proposed molecular mechanism. Although we
believe that the observed phenomena should mainly come from
the homogeneous interaction over the heterogeneous inter-
action, the heterogeneous effects should be considered in the
future study.

In conclusion, SEIRA is an ultrasensitive technique for
revealing the nature of interaction between GO and lipid
membranes. Adsorption of GO on lipid membrane is a complex
process resulting from the balance of various interaction forces.
At least four kinds of interaction forces exist: electrostatic
attraction, electrostatic repulsion, hydrogen bonding, and
hydrophobic interaction, as shown in the cartoon schematic
diagram (Figure 4). We cannot exclude a significant contribution
from van der Waals force. However, the above-mentioned
interaction forces have been clearly identified. Most importantly,

Electrostatic attraction

Electrostatic repulsion

t@w‘

Hydrogen bonding interaction

Hydrophobic interaction
Figure 4. Cartoon schematic diagram of interaction forces between GO
and lipid membrane.

DOI: 10.1021/jacs.5b03803
J. Am. Chem. Soc. 2015, 137, 10052—10055


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03803/suppl_file/ja5b03803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03803/suppl_file/ja5b03803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03803/suppl_file/ja5b03803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03803/suppl_file/ja5b03803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03803/suppl_file/ja5b03803_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b03803/suppl_file/ja5b03803_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b03803

Journal of the American Chemical Society

Communication

we identify the dual role of phosphate group and hydrophobic
interaction of choline group for the first time. Our work not only
provides experimental insight into the interaction nature of GO
with lipid membrane but also is of great value in studying
nanobio interface.
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