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Characterization of the dynamic changes of the basic surface prop-
erties of nanoparticles is of great significance to reveal the interaction
mechanism between nanoparticles and cells; however, it is often
neglected due to the limitations of existing analytical methods. This
knowledge has been renewed by using surface enhanced infrared
absorption spectroscopy (SEIRAS) to study the interaction between
PEG-CusS nanoparticles and living cells attached to rGO-Au modified
Au films. Based on the difference spectra of cell membranes and the
associated water, we clearly revealed that Cu®* ions produced by the
degradation of PEG-CusS can coordinate with PEG, thus changing the
interaction between nanoparticles and cells including how and how
many nanoparticles enter the cells and the sequential photothermal
effect, which breaks through the limitations of the present analytical
methods.

Introduction

The rapid development of nanotechnology has greatly
promoted the application of nanomaterials in the field of
biomedicine,* which stimulates the study of interactions
between cells and nanomaterials with different sizes, shapes,
surface charges and hydrophobic properties.>* However, most
studies are based on the assumption that the surface properties
of nanoparticles are relatively stable over a period of time.
Unfortunately, the cell interface could be continuously changed
due to housekeeping of cells,® thus changing the interactions at
the nano-cell interface,® which has suggested the importance of
characterizing dynamic changes in basic surface properties that
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are often overlooked. For instance, polyethylene glycol (PEG)
has been extensively used to modify nanomaterials to improve
the blood circulation time of nanomaterials due to good resis-
tance to protein adsorption and avoidance of macrophage
uptake,” while less is known about the dynamic surface prop-
erties when PEG was used to modify degradable nanomaterials
and even less about the subsequent effect on the nano-cell
interactions.® One of the obstacles may be that the current
research on the interaction of nano-cells mostly relies on
microscopy analysis including fluorescence confocal micros-
copy, atomic force microscopy, dark field microscopy etc.>**°
These techniques can provide visual information for the studied
interactions, but they cannot illustrate the chemical informa-
tion of the subtle changes in the surface properties of nano-
materials at the molecular level, making it difficult to give
noticeable differential signals that could attract dramatic
attention. Therefore, the nano-cell interactions should be
viewed in a broader context than simple vesicular trafficking
and considered more carefully by combination of multiple
analytical techniques.

Fourier transform infrared (FTIR) spectroscopy,"” as
a powerful nondestructive label-free fingerprinting tool
measuring infrared light absorbed by molecules through the
transient dipole moment change, has successfully attracted
a lot of attention in analysis of biochemical materials,>™**
including conformational changes of proteins,'> tissue clas-
sification'”'® and cancer identification,'** among many others.
The SEIRAS technique in when used with a plasmonic nano-
structure greatly enhances the sensitivity of the conventional
FTIR spectroscopic technique toward molecules adsorbed on
a nanostructure by virtue of the electromagnetic-field
enhancement effect, thus enabling measurements of minute
spectral changes in live biological samples and monitoring of
dynamic behaviors in real time without the requirement of
additional reporter groups.'®** Besides, by combining the
advantage of the tremendous IR extinction coefficient of water
molecules, we could further investigate the minute absorption
change of interfacial water bound to membranes based on the
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optical near-field effect of SEIRAS.>»** Various types of noble
metal nanomaterials and graphene-based plasmonic substrates
have been developed to further improve the analytical sensi-
tivity of SEIRAS for sulfhydryl-containing molecules and
aromatic molecules.>** Thus, the hybrid plasmonic substrates
of metal and graphene-based nanomaterials will greatly expand
the types of detected molecules, and the introduction of rGO
will be beneficial to capture cells*® for the analysis by SEIRAS on
the biointerface due to its roughness and low stiffness nature.
Herein, we prepared a hetero Au-rGO-decorated Au film on
a silicon substrate via simultaneous chemical reduction of Au
and GO as an attractive plasmonic nanostructure for attach-
ment of living cells, which shows good biocompatibility toward
cultured living cells after being pretreated with poly-i-lysine
(PLL). Based on this model, we systematically studied the
interaction of cells with PEG-coated CuS nanoparticles (PEG-
CuS NPs) that have been extensively applied in cancer photo-
thermal therapy due to their high photothermal stability.
Surprisingly, we found that for newly prepared CuS NPs (CuS-
new) and nanomaterials kept for more than 7 days (CuS-old),
their interactions with cells induce a significant difference in
SEIRA spectra. It mainly resulted from the change of the surface
properties of nanomaterials caused by the coordination of
copper ions produced during the degradation of CuS NPs. This
difference in surface properties significantly alters the interac-
tion between nanomaterials and cell membranes, the pathway
and the number of nanoparticles entering the cells, and the
photothermal effect on cancer cells. Our results have led us to
rethink the biological effects of nanoparticles. Some reports
suggest that the Fenton effect or enzymatic effect of nano-
materials may be due to the coordination of metal ions in bio-
logical fluid with surface modification molecules of
nanomaterials, rather than the nanomaterials themselves.

Results and discussion

Synthesis and characterization of a rGO-Au/Au plasmonic
substrate

The Au film decorated with rGO-Au (rGO-Au/Au) was in situ
deposited onto a freshly prepared hydrophobic Si substrate
(Fig. 1A, stage I) by reducing the mixture of well-characterized
GO (Fig. S11) and NaAuCl, solution at 55 °C for 4 min using
a reductant consisting of 0.3 M Na,SO3, 0.1 M Na,S,03, 0.1 M
NH,Cl and 3% HF aqueous solution (Fig. 1A, stage II). The
reduction of GO was characterized by X-ray photoelectron
spectroscopy (XPS). As shown in Fig. 1A, the high-resolution C
1s spectra of GO and rGO-Au/Au can be fitted with five
components including C-C/C=C (284.5 eV), C-OH (285.5 eV),
C-O (286.6 eV), C=0 (287.8 eV), and O-C=0 (289 eV),>" 2>
which shows a clear decrease for the peak intensities of
oxygenated carbon of GO in Au, suggesting that GO was
simultaneously reduced via the chemical deposition process
upon the formation of the plasmonic substrate. The scanning
electron microscopy (SEM) image, X-ray energy dispersive
spectroscopy (EDS) spectrum and elemental mapping image of
Au and C clearly reveal the non-uniform distribution of rGO (C
element) on the substrate of Au (Fig. 1B). Many Au
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Fig. 1 (A) Schematic of fabrication of the rGO-Au/Au plasmonic
substrate on the Si prism. (B) The C1s XPS spectrum of rGO-Au/Au and
GO with experimental (black line) and fitted curves (red line) including
deconvoluted components. (C) SEM image, EDS spectrum and
elemental mapping image of the rGO-Au/Au substrate (Au: green; C:
red). (D) The typical AFM image of the rGO-Au/Au substrate and
corresponding height profile. (E) Raman spectra of GO and rGO-Au/Au
under 532 nm laser irradiation. (F) FDTD simulations of the electric field
amplitude distribution |E/Eo| of AUNPs/AuNPs and AuNPs/rGO/AuNPs
at A = 5.7 um. (G) Mid-infrared near-field amplitude image of the as-
prepared rGO-Au/Au substrate measured with s-SNOM at A = 5.7 um.
(H and 1) SEIRA spectra of p-ATP (10~3 M) and MB (10~° M) molecules
adsorbed on the rGO-Au/Au substrate prepared with different mass
ratios of Au and GO. (J and K) A comparison of the enhanced spectra
for 0.32 ug p-ATP with and without the rGO-Au/Au film on the Si prism
(J) and the corresponding average enhancement factor (EF) at 1619
and 1592 cm ™t (K).

nanoparticles were adsorbed on the decorated rGO and further
formed some irregular nanoscale pores as shown in the atomic
force microscopy (AFM) image (Fig. 1C). The Raman spectra
show that the relative intensity In/Ig between the D band at
~1599 cm™" and the G band at ~1344 cm ™" increased from 0.95
to 1.14 in the reduction process of GO, suggesting that
numerous graphitic domains with a smaller size are newly
formed by the reduction of oxygenated carbon, which are
anchored by Au nanoparticles, thus greatly enhancing the D
band and resulting in the irregular adsorption of Au nano-
particles.*=*" According to the peak position of the second-order
Raman D-peak, f{2D) ~ 2676 cm ™', the thickness of rGO in the
rGO-Au/Au structure could be deduced to be 3-5 layers
(Fig. 1D).*

To fully verify the role of graphene-enhanced plasmons in
a local electromagnetic field, a simplified model of ellipsoid
gold nanoparticles (R, = 30 nm; R, = 10 nm) obtained from the
AFM image and a rGO layer of 4 nm thickness inferred from
Raman data were built, and the corresponding local field
distribution |E/E,| was simulated by the finite-difference time-
domain (FDTD) method, as shown in Fig. 1E. Comparison of the
X-Z views of the electric field amplitude distribution in both
AuNPs/AuNPs and AuNPs/rGO/AuNPs shows that a stronger
local field enhancement clearly appears between AuNP and rGO
and at both sides of the AuNPs, indicating that the addition of
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rGO greatly enhances the local field intensity in the plasmonic
hybrid structure.**** To further understand this phenomenon,
scattering-type scanning near-field optical microscopy (sSSNOM)
was used to simultaneously map the topography and the near-
field scattered intensity of the as-prepared rGO-Au/Au substrate
at A = 5.7 um (Fig. 1F). In the infrared near-field image, the
scattering amplitude of rGO-AuNP/Au located in the nanoscale
pores shown in the topography image is much higher than that
of the surrounding Au, possibly due to the rGO-mediated
enhancement of the local electronic field and their coupling.
The mass ratios of Au and GO could be tailored according to
detection needs to obtain an optimal enhancement. For sulf-
hydryl-containing molecules such as p-aminothiophenol (p-
ATP),*® which can form self-assembled monolayers on a gold
surface by a favorable interaction between Au and sulfur groups,
the maximum absorption of p-ATP can be obtained on the rGO-
Au/Au substrates prepared by using gold and GO at a mass ratio
of 26.4 (Fig. 1G). Meanwhile, for the detection of aromatic
molecules like methylene blue (MB),* which can be adsorbed
on rGO via -7 stacking, the absorption was increased with the
increase of the rGO content in the plasmonic substrate
(Fig. 1H). Considering comprehensively, the mass ratio of (n,,/
mgo = 26.4) was chosen for preparing the plasmonic substrate
for further application. The enhancement effect was evaluated
by comparing the characteristics of the deposited p-ATP (~0.32
pg) onto the bare Si prism and rGO-Au/Au coated Si prism,
respectively, at about monolayer thickness (Fig. 1I),> which
shows the enhancement factor of ~110 and 72 times by
comparing the peak intensity at 1619 and 1592 cm ™' (Fig. 1]).

Cell immobilization on the rGO-Au/Au substrate

To enhance the attachment of cells on the rGO-Au/Au substrate,
we further modified the substrate with a biocompatible extra-
cellular matrix PLL (Fig. 2A), because its flexible molecular
backbone with plentiful active amino groups can bind tightly to
negatively charged cell membranes.*”

The PLL thin layer was well deposited on the substrate as
proved by the in situ SEIRAS measurements. The SEIRA spectra
show a gradual increase of the significant absorption feature of
»(C=0) at 1660 cm ' and the combination of N-H in-plane
bending and the C-N stretching vibration at 1545 cm ™" at the
beginning of 30 min and then a slower growth mode until
reaching equilibrium (Fig. 2B).*** When washed with ultra-
pure water six times after 6 h, the absorption intensity of PLL
was almost unchanged, indicating that the PLL thin layer was
formed and was stable (Fig. 2B, inset). This observation was in
agreement with the AFM results showing that the root mean
square roughness (R,) decreases from 4.86 nm for the rGO-Au/
Au film to 3.17 nm for the PLL monolayer (Fig. 2C). After
introducing HeLa cells into the ATR chamber, cell attachment,
growth, and proliferation occurred on the rGO-Au/Au surface
coated with the PLL layer. An ~100% confluent cell monolayer
with a circular smooth and bright edge was observed in the AFM
optical image (Fig. 2E), suggesting a good biocompatibility as
confirmed using the trypan blue exclusion test (Fig. 2F), which
showed about 99% viable cells.
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Fig. 2 (A) Schematic of PLL coating and of Hela cell assembly on the
substrate. (B) Time-dependent SEIRA spectra of PLL were obtained by
taking the rGO-Au/Au substrate immersed in H,O as a reference
spectrum. Inset: comparison of spectra before and after washing with
water. (C and D) The typical 2D and 3D AFM images of the microscopic
features on the surface of the rGO-Au/Au film (C) and PLL coated
rGO-Au/Au film (D). (E) An optical microscopy image showing
a ~100% confluent HelLa cell monolayer successfully immobilized on
the rGO-Au/Au substrate. (F) The image of trypan blue exclusion test
cells which were trypsinized from the rGO-Au/Au substrate.

The interaction of cells and PEG-coated CuS NPs monitored
by SEIRAS

After this, the spectrum of cells immersed in 1 mL phosphate-
buffered saline (PBS, pH = 7.4) was taken as the reference, and
then sample spectra were measured as soon as the cells were
exposed to 100 ug mL~' PEG-CuS NPs.*® For comparison, the
sample spectra following the addition of NPs with the spectrum
of PLL coating as the reference were also recorded in PBS
(Fig. 3A(a)). As can be seen, the SEIRA spectra induced by the
addition of PEG-CuS NPs are significantly different in the
presence and absence of cells, indicating that the spectra shown
in Fig. 3A(b and c) were indeed caused by the interaction
between HeLa cells and NPs, particularly at IR bands associated
with proteins and phospholipids, which are not disturbed by
structure peaks of PLL and adsorbed PEG-CuS NPs. After
treating with CuS NPs for 2 h, cells still maintain good activity
validated by cell viability experiments of MTT and the trypan
blue exclusion test (Fig. S3t). Because the evanescent wave
decays exponentially with the distance from the surface of the Si
prism where single total infrared reflection occurs, IR light
could penetrate into cell volume only at a very shallow depth,
such that the observed SEIRA spectra should mostly come from
the rearrangements of the cell membrane, such as membrane
proteins, lipids etc.*>** It is worthy to note that addition of newly
prepared CuS NPs (CuS-new) will induce some characteristic
peaks in the fingerprint region (Fig. 3A(b)) including the peaks
at 1663 and 1542 cm™ ' assigned to amide I and amide II band
vibrations and the peaks at 1446-1358 cm ' assigned to
conformational changes of the lipid bilayer (Table S17).
However, addition of nanomaterials that have been preserved

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (A) The SEIRA difference spectra of (a) CuS NP induced PLL by

taking the PLL layer modified substrate as a reference, and the
difference spectra of Hela cells induced by addition of (b) CuS-new
NPs, (c) CuS-old NPs, (d) CuCl,, (e) the supernatant of CuS-old NPs
and (f) only water as a control by taking the cell incubated substrate as
a reference for 2 h, respectively. (B) The zeta potentials of PEG-CuS
NPs at different times. (C) FTIR transmission spectra of the CuS-new
NPs and CuS-old NPs. (D) Cu 2p XPS spectra of the CuS-new NPs and
CuS-old NPs. (E) The hydrodynamic diameter distributions of CusS-
new NPs and CuS-old NPs using the dynamic light scattering
technique.

for more than 7 days (CuS-old) could induce a dramatic differ-
ence in the spectrum (Fig. 3A(c)). Two peaks appeared at 1500-
1700 cm ™' with maxima at 1673 em ™" and 1601 cm™ ", respec-
tively. The difference of amide I will be discussed vide infra.
Surprisingly, the CuS-old-induced characteristic peaks in the
fingerprint region (~1673, 1601, 1558, 1446, 1391, and 1358
cm ') are nearly consistent with those induced by addition of
CuCl, solution (Fig. 3A(d)), especially when the broad peak at
1601 cm ™' was analyzed by Gaussian curve fitting (Fig. S57)
suggesting that a similar interaction mode with copper ions
happened. As we know, Cu is an indispensable trace element
that drives various kinds of life activities.”> When cells uptake
Cu, reduction of Cu occurs prior to its transport through the
plasma membrane. First, Cu ions probably interacted with cell
surface metalloreductases Frelp/2p (heme-containing proteins,
four histidine residues, etc.),*** which reduce Cu** (oxidized) to
Cu" (reduced) via the coordination of Cu** ions and nitrogen or
oxygen donors.*® Subsequently, transmembrane copper trans-
port protein 1 (Ctr1) coordinates Cu" ions through the sulfur
donor ligands***¢ in the high affinity methionine-rich domains
“OMMMMPM**” and “"*°MLIFM"**”, According to the mecha-
nism discussed above, the absorption peak at 1601 cm * was
very likely from the coordination of Cu®>" ions with nitrogen or
oxygen donors such as from histidine moieties***” and/or from
other components in the membrane. Indeed, the coordination
of Cu®" with nitrogen or oxygen donors could result in the
absorption at about 1610-1580 cm™'.'**° Therefore, the
appearance of the 1601 cm ™' peak could be closely related to
coordination of copper ions and the cell membrane, which also

This journal is © The Royal Society of Chemistry 2019
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resulted in a similar conformational change of protein as re-
flected by an identical peak at 1673 cm ™.

Meanwhile, to identify if it comes from the free copper ions
in the CuS-old solution, we further centrifuged the solution of
CuS-old and recorded the spectrum induced by the interaction
between the supernatant and cells (Fig. 2A(e)). However, we did
not find characteristic peaks similar to those induced by copper
ions. In contrast, the changes of characteristic peaks in the
fingerprint region were similar to those induced by cell inter-
action with CuS-new nanoparticles. All of this suggests that the
different peaks that have been induced by CuS-new and CuS-old
nanoparticles originated from the difference in their surface
properties, and have a relationship with copper ions.

To gain a more detailed understanding, we thoroughly
characterized the PEG-CuS NPs. We found that zeta potential of
newly prepared nanoparticles (Fig. 3B) remained nearly
unchanged for 6 days (new), while it became more positive after
7 days and then became constant within 30 days (old), which is
due to the dissociation of Cu ions from CuS and then coordi-
nation with PEG of CuS NPs because a clear »(Cu-O) absorption
peak at 534 cm ™' was observed in the FTIR spectrum of CuS-old
NPs which was not observed for CuS-new NPs (Fig. 3C). In order
to verify this, we further use the XPS technique, a useful analysis
tool for characterizing surface element states, to detect different
periods of CuS NPs. As we can see, in the XPS survey spectra
(Fig. 3D), the more prominent satellite peaks for CuS-old NPs at
around 944.2 eV and 962.6 eV demonstrate the existence of
Cu(n) in the paramagnetic chemical state on the surface of CuS
NPs,* further indicating that more Cu®* species existed on the
surface of PEG-CuS NPs. Nevertheless, such changes in the
surface properties only slightly changed the diameter of the
PEG-CuS NPs (~2 nm) as judged from dynamic light scattering
(Fig. 3E). And a more detailed characterization of CuS-new NPs
and CuS-old NPs is shown in Fig. S31 (including TEM, HRTEM,
EDS, UV-Vis, etc.). We also noted that interaction of Cu ions (d)
and CuS-new (b) with cells induced a strong peak at 3255 cm™
and a weak peak at 3683 cm ™", which are assigned to vibrations
of water molecules in an effective and disturbed hydrogen-bond
network, respectively (Table S17),**> and the absorption peak at
3250 cm™ " may also be attributed to the amide A band of the
protein (Fig. S41).>* The water peaks at 3255 cm ™' were also
observed in the control group with only addition of 25 pL H,O
(Fig. 3A(f)) possibly due to the influence of the plasma
membrane surface potential () on the alignment of the inter-
facial water.>*** Therefore, its strength is naturally affected by
the different changes of local potential caused by the interac-
tion of different substances with cell membranes. The appear-
ance of the peak at 3683 cm ' could be attributed to the
penetration of water molecules into the hydrophobic region of
the disordered lipid due to the interaction of the Cu ions and
CuS-new NPs.*® It is worthy to note that the intensity of the peak
was greatly enhanced after the cells interacted with CuS-old
NPs.

To further reveal the origin of the difference, the intensities
of peaks at 3255 and 3683 cm™ ' versus incubated time were
dynamically tracked after addition of CuS-new and CuS-old NPs,
respectively (Fig. 4A-D). For addition of CuS-new NPs, both peak
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Fig. 4 (A and B) The CuS-new NP (A) and CuS-old NP (B) induced
SEIRA difference spectra by taking Hela cells on the rGO-Au/Au
substrate immersed in PBS as a reference. (C and D) IR peak intensity of
interfacial water and the shifts of the maximum peak position at ~1542
cm~! were plotted as a function of time under the condition of (A) and
(B), respectively. (E and F) ICP-MS results of Cu concentration per HelLa
cell pretreated with dynasore, CPZ, filipin, and Cyt D at 4 °C and then
treated with the CuS-new NP (E) and CuS-old NP (F) conditions,
respectively, with untreated cells as the control.

intensities showed a linear increase (Fig. 4C); however, for
addition of CuS-old NPs, the linear increase was only observed
within the first 30 min, after which, the peak intensity at 3255
cm ™' remained nearly unchanged while the peak intensity at
3683 cm ' showed a dramatic growth (Fig. 4D). For CuS-old
NPs, the coordination of Cu®*" with PEG relative to that of CuS-
new NPs will decrease the electronegativity of the NPs (Fig. 3B)
and greatly weaken the electrostatic repulsion forces between
NPs and the negatively charged cell plasma membrane, thus
accelerating and increasing the adsorption of NPs on the cell
membrane in the same period of time,* which may result in the
saturated adsorption within 30 min. The progressive adsorption
of NPs could continually interrupt the conformation of the lipid
and reorient the interfacial water molecules, resulting in
a continuous change of the absorption of the interfacial water.
After saturated adsorption, the strong hydrogen bond network
among the water molecules near the cell membrane could
remain relatively stable, resulting in unchanged intensity for
the peak at 3255 cm™'. More interestingly, due to this
phenomenon, the peak at 1577 cm ™" was gradually shifted to
1601 cm ' with a similar tendency for the change of the peak
intensity at 3683 cm ™" (Fig. 4C, blue line). Accompanied by the
adsorption of CuS-old NPs on the surface of the cell membrane,
the copper ions coordinated on the surface of the NPs also
gradually approach the surface of the cell membrane and
interact with the cell membrane, thus leading to the shift of the
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maximum absorption peak from ~1577 cm ™" to 1601 cm™ " due
to the coordination of Cu®", which shows a similar tendency to
that of the fast increase of the intensity for the peak at 3683
em™’, suggesting that the interaction of surface Cu>* caused
a strong disturbance to the hydrogen-bond network of interfa-
cial water. However, this phenomenon is dramatically different
from that induced by pure Cu®" interaction (Fig. 3A(d)).
Considering the interaction between copper ions that coordi-
nate on the surface of nanomaterials and cell membranes, it is
possible that the significant enhancement of the absorption at
3683 cm™ ' may be related to the endocytosis of nanomaterials.
Therefore, the different spectral changes caused by the inter-
action of CuS-new NPs and CuS-old NPs with cells may reflect
different uptakes.

To prove this hypothesis, inductively coupled plasma mass
spectroscopy (ICP-MS) was used to quantify the uptake of the
two kinds of nanoparticles by HeLa cells (Fig. 4E and F), which
shows an elevated content of Cu for CuS-old-treated cells
compared with that of CuS-new-treated cells, suggesting an
enhanced uptake of CuS NPs via internalization and
membrane-bound possibly due to the strengthened association
and binding avidity of NPs by exposed Cu ions on the surface of
CuS NPs. Treatment of cells at 4 °C resulted in a dramatic
decrease of the uptake of both NPs, suggesting energy-depen-
dent endocytosis. If the cells were treated with chlorpromazine
(CPZ, clathrin inhibitor) and dynasore (dynamin inhibitor),
respectively, the cellular uptake of CuS-old NPs could be
significantly inhibited, while having less effect on the uptake of
CuS-new NPs. After treatment of cells with filipin (caveolae
inhibitor) or Cyt D (inhibitor of actin polymerization related
phagocytosis and clathrin/caveolin independent endocytosis),
only the uptake of CuS-new NPs was affected by the treatment of
Cyt D. These results demonstrate that the endocytosis of CuS-
old NPs is mainly clathirin-mediated, while that of CuS-new NPs
is through clathirin-mediated and clathrin- and caveolae-inde-
pendent pathways. Interestingly, we found that dynasore and
CPZ also affected the relative strength of water peaks induced by
the interaction of CuS-old NPs with cells (Fig. S4t). The
comparison of the ratio of peak intensity I36g3/3255 in the pres-
ence and absence of inhibitors also indicates the clathirin-
mediated endocytosis of CuS-old NPs (Fig. S4Ft), which further
suggests that the significant enhancement in the intensity of
the peak at 3683 cm ™" could be induced by endocytosis of NPs.
The intracellular membrane mass redistribution with NP
internalization** could facilitate the entry of hydrated PEG-CuS
NPs into the hydrophobic backbone of the plasma membrane
and then greatly enhance the amount of water molecules with
disturbed hydrogen bonding.

SEIRAS study of photothermal-induced cell death

Compared with CuS-new NPs, the enhanced cell uptake of CuS-
old NPs due to the weak electrostatic repulsion forces (Fig. 3B)
as evaluated from the Cu content measured by ICP-MS (Fig. 4E
and F) will inevitably enhance the photothermal effect, result-
ing in more cell death under the same power irradiation
(Fig. 5A). To further reveal the molecular mechanism of such

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) Trypan blue exclusion test of cell viability without and with
980 nm irradiation (1 and 1.5 W cm~2). Time-dependent SEIRA spectra
collected from CuS-new (B) and CuS-old (C) NP treated Hela cells, the
NP-treated PLL surface (D), the NP-untreated cell-coated surface (E)
illuminated at 1 W cm 2 and CuS-old NP treated cells at 1.5 W cm ™2 (F)
on the rGO-Au/Au substrate by taking CuS incubated cells on the
rGO-Au/Au substrate immersed in PBS as a reference. Red lines (upper
panel, 0-20 min): at the start of the illumination; blue lines (lower
panel, 0-20 min): at the end of the illumination.

a difference, the hyperthermia-induced cellular spectra were
monitored under 980 nm laser irradiation at 1 W cm ™ for 20
min by taking HeLa cells incubated with two kinds of PEG-Cu$S
NPs at room temperature as reference spectra, respectively
(Fig. 5B and C). For CuS-new NP treated cells, it is interesting to
observe the opposite intensity changes of the »(OH) stretching
band of water molecules with an increase at ~3610 cm™" and
a decrease at ~3300 cm™ " as a function of illumination time
(Fig. 5B, upper panel, red lines) possibly due to a lateral disor-
dered orientation for the coupled multimer water to the lipid
and the decrease of near-bulk water upon heating,** just as the
phenomena observed in the control groups PLL-coated (Fig. 5D)
and NP-untreated cell-coated surface (Fig. 5E) under identical
conditions. However, for CuS-old NP treated cells, the negative
water band at ~3300 cm™' was partly recovered at the end
(Fig. 5C). More significant is that the SEIRA spectra in the
control groups were nearly recovered to the initial state after
stopping the illumination (Fig. 5D and E, lower panel, blue
lines); however, significant spectral changes can be observed in
the fingerprint region for CuS-NP treated cells, suggesting that
the disturbance to the interfacial water and the configuration of
the cellular membrane could be recovered after the surface was
gradually cooled without the effect of NPs. It is worthy to note
that a more obvious peak appeared at 1709 cm™* for the cells
treated with CuS-old NPs (Fig. 5C, lower panel) than those
treated with CuS-new NPs (Fig. 4B, lower panel), which could be
the reason for the recovery of the negative peak at ~3300 cm ™"
as shown in Fig. 5C (upper panel).

To further verify the hypothesis, we recorded the hyper-
thermia-induced cellular spectra under irradiation at 1.5 W
ecm~? since such a condition could induce more cell death
(Fig. 5A). Indeed, we observed that the peak at 1709 cm ™"
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appeared even under illumination, and the recovery of the
negative peak was more obvious at ~3300 cm ™', almost restored
to the baseline level (Fig. 5F, upper panel). A positive-going
band at 1709 cm™ ' may be assigned to »(C=O) stretching
vibration of phosphatidylserine (PS),”” a spectral marker of
apoptosis associated with membrane changes such as the loss
of membrane phospholipid asymmetry, cell shrinkage and cell
membrane blubbing (Fig. S5Df). These cell membranes flip
from the inner to the outer surface of the plasma membrane
(vide infra) and could further bind water molecules to rearrange
the H-bonding network near the cellular membrane along with
the newly entered water molecules after cell contraction.

To further reveal the mechanism of apoptosis, we carefully
compared the steady-state SEIRA spectra of cells treated with
different nanoparticles and after stopping irradiation and
cooling to room temperature (Fig. 6). In addition to the positive
peak at 1709 cm ', the obviously negative peaks in amide I and
amide II and »(CHj) regions further indicate that the cell
adhered to the extracellular matrix was partially desorbed from
the surface as water molecules moved into the interface
accompanied by an increase in the intensity of the interfacial
water at 3000-3800 cm™ ', and at this time, cells lost their
bioactivities and underwent apoptosis.”® The inconsistent
maximally negative peak of amide I at 1673 cm ™" and 1663
cm " produced by the cells treated with CuS-old and CuS-new
NPs might suggest the different membrane protein receptors
for CuS-old and CuS-new NP binding. Based on the above
analysis of the ICP results, CuS NPs will adopt different endo-
cytosis pathways at different stages. The clathirin-mediated
endocytosis of CuS-old NPs is mainly through the membrane
protein receptor Yxx® (tyrosine-amino acid-hydrophobic
residue) mediated by the AP2 p2 fragment with an elongated
banana-shaped seven-bladed B propeller, leading to the
maximum peak position of amide I closer to 1673 cm ™" (Table
S1t).°%* Because of the coordination of Cu ions with CuS-old
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Fig. 6 Comparison of the steady-state SEIRA spectra of cells treated
with CuS-new (black) and CuS-old (red) after stopping irradiation by
taking CuS incubated cells on the rGO-Au/Au substrate immersed in
PBS as a reference, and the spectrum of Phe dissolved in PBS and then
dried on the Si wafer (blue). Inset: magnified spectra ranging from 1675
cm™ to 1465 cm ™t with peak fitting.
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NPs, the surface Cu ions could also bind to certain membrane
proteins.”* In comparison, the clathrin- and caveolae-indepen-
dent pathways have a significant influence on endocytosis of
CuS-new NPs, but the mechanisms remain poorly under-
stood.*”** However, compared with different peak positions, we
believe that the protein receptors they act on are different.

According to the reported results, the inhibition of the
phenylalanine (Phe) metabolism pathway could elevate the
levels of Phe, its derivatives or contained peptides, thus
inducing cell apoptosis during PTT therapy.®**® Interestingly,
several positive peaks did appear between negative peaks of
amide I and amide II (Fig. 6, red line), proving that some
molecules approach the surface of the substrate while
membrane protein receptors move from the surface of the
substrate. Thus, we have carefully analyzed the spectra between
1675 cm™ ' and 1465 cm ™' with peak fitting processing in the
Fig. 6 inset. Compared to the characteristic spectral pattern of
chemical fingerprint absorption peaks of hydrophobic aromatic
amino acids - Phe at ~1643, 1622, 1587 and 1495 cm ™}, which
are attributed to the ring substituent »(C=0), 6(NH,), »(C=C)
ring vibration (Table S2t), we found that these characteristic
absorption peaks are basically consistent with steady-state
SEIRA spectra of cells after PTT.*** The results demonstrate
that Phe metabolism should be disturbed in cell apoptosis.
Additionally, according to the cell phenotype, apoptosis was
induced by the mitochondrial mediated Rho/ROCK pathway, in
which myosin phosphatase target subunit 1 was cleaved by
caspase-3 at Asp-884 to inhibit myosin II binding, and this will
lead to an increasing phenylalanine levels in cells.®” The loss of
selective permeability and the cellular membrane becoming
more permeable upon apoptosis may result in the leakage of
intracellular Phe®® and is thus detectable by SEIRAS together
with the signal of some buried hydrophobic amino acids
exposed during protein inactivation.®

Conclusions

Here, we construct a hybrid plasma film of Au decorated with
a rGO-Au nanostructure via simultaneous reduction of
NaAuClO, and GO solution on the Si substrate, which displays
an enhanced local electromagnetic field and good biocompati-
bility to the attached living cells, thus allowing monitoring in
situ and in real time the interaction between NPg and living cells
by SEIRAS. According to the fingerprint characteristics of SEI-
RAS, we could reveal that copper ions produced during the
degradation of CuS NPs can cooperate with PEG modified on
the surface of nanoparticles, which can significantly change the
surface properties of nanomaterials and thus change the
interaction with cells. The coordinated copper ions significantly
reduce the electronegativity of nanomaterials, thus reducing the
repulsion between materials and cell membranes and acceler-
ating their interaction. The interaction between copper ions on
the surface of materials and cell membranes changes the
pathway of materials entering cells, increases the uptake of
materials by cells, and enhances the water content of weak
hydrogen bonding at the interface of cell membranes during
endocytosis. Photothermal effect can transfer intracellular
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phospholipids to extracellular space, further changing the
arrangement of interface water, meanwhile increasing the
content of hydrophobic phenylalanine, which can induce
apoptosis. The high sensitivity and fingerprint characteristics
enable SEIRAS to reveal dynamic changes of the surface prop-
erties of PEG-coated CuS NPs and how they alter the interaction
of nanomaterials with living cells for the first time.

Experimental section

Preparation of the rGO-Au-decorated Au plasmonic substrate

The Au film decorated with rGO-Au (rGO-Au/Au) was electro-
less deposited onto the Si prism or wafer, which was polished
with an Al,O; slurry (1.0 pm), followed by washing thoroughly
with deionized water. After immersion in a 40 wt% NH,F
aqueous solution for 3 min, the rGO-Au/Au film was prepared
by exposing the treated surface to a 1:1:1 (v/v/v) mixture of
0.3 M Na,SO; + 0.1 M Na,S,05 + 0.1 M NH,Cl, 3% HF, and 1.2
mg mL~" NaAuCl, aqueous solution mixed with 2.5 mg mL ™"
GO for 4 min at 55 °C. The obtained substrate was cleaned by
electrochemical oxidation-reduction scanning in 0.1 M H,SO,
solution over the potential range of 0.1-1.4 V versus Ag/AgCl. At
last, the rGO-Au/Au film coated Si prism was mounted on
a home-built poly(trifluorochloroethylene) cell with a Viton O-
ring. In order to obtain the desired enhancement effect for

sulthydryl and aromatic molecules, the NaAuCl,
aqueous solution mixed with different masses of GO disper-
sion (Mau/Mmgo = 4.8-66) was used to detect p-amino-

thiophenol (p-ATP) and methylene blue (MB) molecules.

To evaluate the enhancement factor (EF) of the rGO-Au/Au
plasmonic substrate, a reference spectrum of the bare Si or rGO-
Au/Au-coated Si prism was first recorded and then ~0.32 pg
(~monolayer thickness)*® of p-ATP ethanol solution was drop-
ped on the surface of the bare Si and rGO-Au/Au-coated Si
prism, respectively. The sample spectra were recorded until
total evaporation of ethanol by averaging 521 scans at a spectral

resolution of 4 cm ™.

Immobilization of cells on the rGO-Au/Au film

Before culturing HeLa cells, the home-made poly(trifluoro-
chloroethylene) cell and necessary experimental tools were
sterilized with 70% ethanol under UV irradiation. 2 mL of cell
suspension (5 x 10° cell per mL) was seeded on the poly-i-lysine
layer (0.1 mg mL ™" PLL) modified rGO-Au/Au film. After incu-
bation for 24 h, the IR cell was mounted on a SEIR spectrometer.
After washing three times with PBS, cells were exposed to 100 pg
mL ™" of PEG-CuS NPs by adding 25 pL, PEG-CuS NP aqueous
solution (4 mg mL ") into a volume of 1 mL of PBS.* CuS NP
induced SEIRA spectra were obtained by taking cells in PBS as
a reference spectrum. After incubation with 100 pg mL™" PEG-
CuS NPs for 2 h, the cells were washed three times with PBS,
followed by irradiation for 20 min using a 980 nm diode laser
with a power of 1 and 1.5 W cm 2. As the control experiments,
25 pL H,0, the supernatant of CuS NPs (20 day) and 5 mM CuCl,
were used to replace CuS NPs and added into the ATR cham-
bers. Unless noted specifically, the control experiments were

This journal is © The Royal Society of Chemistry 2019
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performed following the same protocol and each measurement
was repeated in triplicate.

Cell viability on the rGO-Au/Au substrate was roughly
assessed using a top-view optical microscope for cell monolayer
integrity and morphology, and the trypan blue exclusion test to
stain dead cells. Cells were trypsinized and resuspended in
trypan blue (0.4%, g ml™") for 3 min. Cell viability was calcu-
lated under 10x magnification using a hematocytometer. The
percentage of cell viability was calculated as follows: Nyjapie ceils/
Niotal cells X 100%.

To more directly explore the endocytic mechanism of CusS-
PEG NPs internalized into HeLa cells, cells were pretreated with
various inhibitors including dynasore (30 pg mL™ "', dynamin
inhibitor), chlorpromazine (CPZ, 10 pg mL™", clathrin inhib-
itor), filipin (10 pg mL ™", caveolae inhibitor), and Cyt D (1 umol
L™, an inhibitor of actin polymerization related phagocytosis
and clathrin/caveolin independent endocytosis) for 1 h at 25 °C
or 4 °C (energy independent pathway). After culturing with CuS-
PEG NPs, cells were washed with PBS three times, trypsinized,
resuspended, counted, and centrifuged, and the cell pellet was
digested in 1 mL of aqua regia (Vici: Vimo, = 3:1). Cell
concentrations were determined by hemacytometry and the
intracellular copper content was quantified using ICP-MS with
parts per billion sensitivity. In control, cells were placed in 1 mL
PBS without nanoparticles.

Simulation

To simplify, the ellipsoid gold nanoparticle (R; = 30 nm; R, = 10
nm) obtained from the AFM image and a rGO layer of 4 nm
thickness inferred from Raman data were considered, and
simulation was performed by using the 3D finite-difference
time-domain (FDTD) method on the basis of time varying
electromagnetic Maxwell's equations.**** The incident light
with a wavelength range from 2.5 to 10 um propagating along
the z direction was normally illuminated on the surface. Peri-
odic boundary conditions and perfectly matched layer condi-
tions were used to evaluate near-field enhancement data |E/E,|
of the rGO-Au/Au film. The optical permittivity parameters of Au
and rGO used in simulation were extracted from the data of
Palik and Hwang.®"%®

Plasmon nano-imaging

Scattering-type scanning near-field optical microscopy (s-
SNOM, Molecular Vista) used for this work was based on an
AFM probe (a gold coated Si cantilever, 70 nm tapping ampli-
tude and 270 kHz resonance frequency), which was illuminated
by focused infrared light from a pulsed quantum cascade laser
(QCL, Block Engineering). The plasmon nano-imaging of the
sample could be obtained simultaneously via mapping the
topography and the near-field scattered intensity detected using
a liquid-nitrogen-cooled MCT detector. In order to suppress
near field contribution from the tip-sample region, a versatile
“Generalized Lock-In Amplifier” (GLIA) approach, which
calculates the amplitude and phase of the scattered field, was
used in the first harmonic modulation.”>*
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