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using metal nanoparticles (NP), especially 
gold (Au) and silver (Ag), by virtue of their 
ability to generate large local nanoscale 
electric fi eld due to their surface plasmon 
resonance (SPR). [ 1–5 ]  However, while 
the use of such NP or their oligomers 
or arrays has been shown to be effec-
tive in enhanced sensitivity of molecules 
for instance, through surface enhanced 
Raman scattering (SERS) [ 6–10 ]  or photolu-
minescence (PL) enhancement, [ 11–14 ]  their 
use in bioinspired membranes has not 
been very fruitful. 

 Hydrophobicity of molecules is one 
of the crucial parameters which control 
the extent of their membrane penetra-
tion. The interactions of various types of 
hydrophobic molecules and model lipid 
membrane have been studied extensively 
using both computer simulations [ 15–18 ]  
and experiments. [ 19–22 ]  A wide variety of 
hydrophobic molecules including pro-
teins, fl exible polymers, branched den-

drimers, as well as hydrophobic soft nanoparticles or star poly-
mers interact with model membranes and penetrate it either by 
changing their conformational change or disrupting the local 
morphology of the underlying membrane. [ 18,19,23–25 ]  In addition 
to hydrophobicity, the size of the nanoparticle also matters for 
membrane absorption, [ 16,17,21,26–29 ]  especially with respect to the 
hydrophobic mismatch. Depending on their size, nanoparticles 
can deform and thus trigger a different morphological as well 
as mechanical transition [ 27,29,30 ]  in model membranes. 

 Here, we use hydrophobic, polymer (polystyrene thiol) 
grafted AuNPs (PST-PGNP) of suitable sizes, embedded in lipid 
bilayer membranes, to create plasmonic biocompatible mem-
branes. Using these plasmonic membranes we demonstrate 
signifi cant enhancement of detection sensitivity of binding of 
prototypical molecules, Atto 488 and Rhodamine, to such mem-
branes. The modifi cation of PL of these dye molecules has been 
demonstrated for both vesicles as well as supported lipid bilayer 
membranes (SLB). Detailed atomic force microscopy (AFM) 
as well as grazing incidence X-ray scattering (GIXS) measure-
ments on SLB membranes elucidate the mechanism under-
lying the observed PL intensity variation of these dye molecules 
in terms of self assembled pattern formation, penetration, and 
membrane reorganization by the PGNPs. The results could 
be extended to cellular membrane with appropriate modifi ca-
tion as well as to detection of any other biological molecules 
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  1.     Introduction 

 Binding of molecules to cellular or biomimetic membranes is 
an important process in functioning and signaling aspect of 
such membranes. Usually such binding events would trigger 
changes both on and within the membrane. Enhanced detec-
tion sensitivity to such binding could help correlate, better, the 
binding events to the subsequent structural, physical, or chem-
ical/biological processes, which occur as a consequence. One of 
the methods by which such sensitivity could be enhanced is by 
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appropriately labeled with fl uorescent dye molecules, and dem-
onstrate the versatility of these plasmonic bioinspired mem-
branes as potential biochemical sensors.  

  2.     Results and Discussions 

 We fi rst discuss the results of PL measurements of three typ-
ical dye molecules widely used as biochemical markers [ 31–36 ]  – 
Atto488(At) [Invitrogen LT], rhodamine (Rh) [Sigma Aldrich], 
and Cyanine-5 (CY5) [GE Healthcare LS]. The goal is to under-
stand if the detection sensitivity of these molecules can be 
altered through surface plasmon based interaction of hydro-
phobic PGNPs embedded in suitable phospholipid bilayer 
membranes. It has been suggested through molecular simu-
lations [ 37–42 ]  and some experiments [ 19,37,43–45 ]  that hydrophobic 
nanoparticles of appropriate size could be localized within 
the hydrophobic core of the lipid membrane. However, to our 
knowledge, there are no studies which indicate that plasmonic 
resonances of lipid membrane-embedded hydrophobic nano-
particles can be utilized to obtain enhanced detection sensitivity 
of molecules especially those that are biologically relevant. It 
may be noted here that there has been some effort, recently, 
in using large metal nanoparticles encapsulated by lipid bilayer 

that can act as effi cient surface enhanced Raman scattering 
(SERS) agents for detection of molecules. [ 46–48 ]  

 In  Figure    1  a–f we show PL spectra of At, Rh, and CY5 in the 
presence of small unilamellar vesicles (SUVs) of 1,2-dimyris-
toyl-sn-glycero-3-phosphocholine (DMPC) [Avanti Polar Lipids], 
with and without the PGNPs. Incubation of these SUVs with 
the PGNPs of two different molecular weights (3K and 53K) and 
subsequent incubation of the combined PGNP–SUV system 
in At and Rh solutions of appropriate concentrations show a 
clear enhancement of the PL emission intensity for identical 
dye concentration and incident radiation power. It seems that 
for similar concentration of Au in PGNPs the enhancement 
is larger for the 53K grafted PGNP compared to the 3K parti-
cles. For CY5, on the other hand, presence of the PGNPS on 
SUVs seems to quench the PL. The observed difference in PL 
intensity could be related to the resonance energy transfer pro-
cess between the particles and the dye molecules and hence is 
related to the extent of their spectral overlap (Supporting Infor-
mation, Figure 1). [ 3,49–54 ]  In fact the extent of PL enhancement 
seems to increase with increase in spectral overlap (Supporting 
Information, Figure 1) from CY5 to At. At this stage we ask the 
question, whether the presence of vesicles is required for the 
observed PL intensity variation. For this purpose, we have meas-
ured the bulk PL of At, Rh, and CY5 molecules in presence of 
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 Figure 1.    Bulk PL measurements of Atto488 dye in presence of a) PGNP incubated SUVs and b) only PGNPS without vesicles. Similar measurements 
for rhodamine dye in presence of PGNPs c) with and d) without SUVs. PL measurements for CY5 dye in presence of PGNPs e) with and f) without SUVs.
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PGNPs but without any SUVs. In these experiments we have 
incubated the PGNPs and the dye at the same concentration for 
30 min. Except for the presence of vesicles, other experimental 
conditions were maintained to be similar to that described 
earlier, in terms of excitation power, PGNP concentration, etc. 
Surprisingly, here we observed an opposite behavior in terms 
of quenching of fl uorescence emission intensity in presence 
of PGNPs for At & Rh, while for CY5 the behavior essentially 
remains the same as in the presence of SUVs. These experi-
ments suggest the critical role of PGNP binding to the lipid 
membranes of the SUVs in determining the interaction and PL 
from the dye molecules. It is well known that the resonance 
energy transfer between metal nanoparticles and the emitters 
is dependent on their relative separation and PL from emitters 
is known to be quenched at very short distances near a metal 
surface. The difference in PL intensity with and without SUVs 
is suggestive of an increase in the separation between the gold 
core of the PGNPs and dye (At & Rh) molecules when the 

PGNPs are embedded in the lipid membrane of SUVs. It also 
suggests the possibilities that the Rh (and At) is located closer 
to the lipid head group while CY5 might be placed within the 
membrane core.  

 To quantify exactly how the biomimetic lipid membranes 
help the PGNPs to modify the dye molecule emission enhance-
ment, and especially to obtain a microscopic picture of the 
PGNP confi guration on the lipid bilayers, we further decided 
to use DMPC SLBs as a biomembrane platform to repeat some 
of the experiments performed with DMPC SUVs. The DMPC 
SLBs were prepared using the well established [ 55–57 ]  Langmuir–
Blodgett (LB) technique and transferred on glass slides (Hecht-
Assistent, Germany), as described in methods and elsewhere, [ 58 ]  
at surface pressure of 33–35 mN m −1 .  Figure    2  a–c shows the 
confocal images (Leica SP5 Confocal Microscopy, Germany) 
of such SLBs incubated fi rst with PGNPs at appropriate con-
centrations and subsequently with Rh and CY5 dye molecules. 
For comparison, images were also collected from pristine SLBs 
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 Figure 2.    Confocal fl uorescence images of Rh at concentration 870 × 10 −9   M  on a) bare DMPC SLBs, b) PST3K PGNP incubated DMPC SLBs, c) PST53K 
PGNP incubated DMPC SLBs. Comparison of PL emission spectra for d) Rh and e) CY5 at same dye concentration (as in (a–c) on DMPC SLBs with 
and without the presence of PST3K and PST53K PGNPs.
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without being exposed to the PGNPs but incubated just in 
Rh and CY5. The images were collected at lowest laser power 
(1.5 mW) to minimize phototoxicity of the dye mole cules. A 
clear enhancement in brightness of the objects (collection of 
dye molecules) in the respective images in presence of PGNPs 
with respect to the pristine SLBs shows the effect of fl uores-
cence enhancement while exciting with the same power of Ar 
488 laser line. Images with CY5 were diffi cult to image under 
similar conditions and to visualize the CY5 molecules on 
PGNP laden SLBs one had to increase the laser intensity con-
siderably, indicating possible quenching of the dye fl uorescence 
in the presence of PGNPs. To quantify the observed PL inten-
sity variation of these dyes, we have in addition performed PL 
measurements with WITec alpha SNOM confocal mode using 
the green line (514 nm) of an Ar ion laser and red line (633 nm) 
of a He–Ne laser using methodology described earlier. [ 59–61 ]  To 
quantify average PL enhancement/quenching, we have taken 
PL spectra from several places of the respective dye incubated 
PGNP–DMPC SLBs. We observed a large enhancement in 
Rh emission, when excited with Ar 514 nm laser, in presence 
of PST53K PGNPs compared to the pristine SLBs, whereas 
enhancement is limited for PST3K nanoparticle incubated 
bilayer as shown in Figure  2 d. On the other hand for CY5 dye 

the PL was quenched, when excited with 633 nm He–Ne laser, 
in presence of PGNPs [Figure  2 e]. This observation also sup-
ports the qualitative trends observed for the dye molecules with 
SUVs.  

 To obtain a microscopic picture of the confi guration of 
the PGNPs on the DMPC SLBs we have performed detailed 
AFM, X-ray refl ectivity (XR), and grazing incidence diffrac-
tion (GID) measurements on these samples.  Figure    3   shows 
AFM images of DMPC SLBs transferred at surface pressure 
Π = 33 mN m −1  and incubated with PGNPs for a fi xed concen-
tration (3.3 × 10 −6   M ) and time (30 min). We observed a clear 
difference in the membrane mediated self assembled struc-
tures. The PGNPs capped with PST3K form regular barrel like 
structures of height 5–6 nm above the bilayer surface with a 
diameter ≈80 nm (much bigger than the size of a single PGNP), 
but there is no evidence of membrane penetration, whereas 
for PGNPs capped with PST53K we observe clear evidence of 
pore-like structure formation. Moreover, these structures also 
seem to penetrate (by ≈2.0 nm below the SLB surface) the 
membrane unlike those formed by the 3K grafted PGNPs. 
Moreover, concentration dependent studies [Supporting Infor-
mation, Figure 2] on PST53K PGNPs identify the approximate 
range (≈3.3 × 10 −6   M ) where it forms such kind of pore like 
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 Figure 3.    a) AFM topography of PST3K PGNP incubated SLBs. b) 3D representation of a typical barrel-like structure corresponding to the white box 
in panel (a). c) Height and d) diameter distribution of the self assembled barrel-like structures in (b). e) AFM topography of PST53K PGNP incubated 
SLBs. f) 3D representation of a typical pore like structure corresponding to the white box in panel (e). g) Height, h) depth, and i) diameter distribution 
of pore like features shown in (f).
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structures, although we have not observed any such features 
below or above this concentration as shown in Figure  2 a–c 
(Supporting Information). Thus the capping molecule plays a 
vital role in self assembled structure formation. Therefore AFM 
images seem to suggest that the self assembled confi guration 
of PST53K PGNPs on the lipid membranes as well as their par-
tial penetration could be responsible for observed PL enhance-
ment in both bulk and surface PL measurements.  

 To obtain further insight into these aspects of PGNP–SLB 
interactions, especially the extent of penetration of the PGNPs 
within the SLBs, let us turn our attention to the in situ XR [ 62–66 ]  
and GID [ 62,63,67–70 ]  measurements performed on the DMPC SLB 
transferred at Π = 40 mN m −1  after they were incubated with Au-
PST3K and Au-PST53K hydrophobic PGNPs (see methods). [ 71 ]  
 Figure    4  b shows XR (Fresnel normalized) data as a function of 

out of plane wave vector 
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α= , collected on these SLBs 

before and after they were incubated with nanoparticles. Here  α  
is the angle of incidence and  λ  x  (≈0.49 A) is the wave length of 
the incident X-ray. The XR data for PST53K PGNP shows a clear 
drastic reduction in the total fi lm thickness. On the other hand, 
the extent of changes in XR data for PST3K PGNP incubated SLB 
is lesser. To extract more quantitative information we have mod-
eled the XR data using the model shown in Figure  5  (Supporting 
Information) to obtain the corresponding electron density 

profi les (EDP) for the respective data as shown in Figure  4 c,d. 
Clearly, there seems to be considerably more disruption in both 
the top and bottom leafl ets of the SLB by PST53K than by Au-
PST3K PGNPs. Interestingly we observed an increment in head 
group electron density of the top leafl et for PST53K PGNPs incu-
bated SLB, whereas there is a reduction in electron density for 
the whole tail part and the head group of the bottom leafl et. Simi-
larly for PST3K PGNPs incubated SLBs, we observed reduction 
of electron density in the top leafl et only. The extracted para-
meters are summarized in greater details in Table 1 (Supporting 
Information). The electron density values for both the system 
indicate that there is a partial penetration of PST53K PGNPs in 
the hydrophilic head region of the top leafl et, whereas the hydro-
phobic chain extends up to the head group of the bottom leafl et 
and therefore reduces the lipid compactness and hence the elec-
tron density. On the other hand the PST3K PGNPs perturb the 
top leafl et (quantifi ed by the reduction in the electron density in 
the top leafl et only) but there is no signifi cant penetration or pore 
formation in the DMPC SLB. From Table 1 (Supporting Informa-
tion) it is clear that the PST3K PGNPs effect only the top leafl et 
of the membrane and the chains partially enter into it causing a 
decrease in electron density from its normal value. The reduction 
of thickness of the top leafl et ≈2.5 A represents the local perturba-
tion and increasing chain tilting due to nanoparticle binding on 
the bilayer surface. The scenario is different for PST53K PGNPs 
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 Figure 4.    a) Schematic showing the geometry of GIXS experiments. b) Fresnel normalized XR data for SLBs before and after incubation with PST3K 
PGNP and PST53K PGNP. Bare SLB (circle), SLB incubated with PST3K PGNPs (square), bare SLB (star), SLB incubated with PST53K PGNPs (dia-
mond). Solid line represents the corresponding best fi t with the proposed model. c,d) Corresponding variation in electron density ( ρ ) as a function of 
distance ( z ) (EDP) for PST3K PGNPs and PST53K PGNPs incubated SLB, respectively. The profi les in solid and dashed lines in panels (c,d) indicate 
the corresponding box model representation of  ρ  as a function of distance. The respective curves have been shifted down by  ρ  = 0.6 for clarity.
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as it alters the thickness and electron density profi le for the top 
leafl et head part as well as the full hydrophobic tail region. It 
causes a total reduction of ≈1.25 A in the top leafl et followed by 
an enhancement of the electron density in both the head and tail 
part of the top leafl et, suggesting the partial insertion of Au core 
in DMPC bilayer. The particle layer in the model represents an 
effective composite layer of PGNPs. For PST3K PGNPs we have 
observed a layer of larger electron density thickness compared to 
PST53K PGNPs. This observed reduction of electron density sat-
isfi es the fact that in PST53K amount of grafted polymer is more 
than that of PST3K PGNPs. Thus, XR measurements prove our 
hypothesis that there is a membrane penetration by PGNPs and 
it is more for PST53K compared to PST3K capped particles due 
to a large hydrophobic polymeric shell. Moreover, this also indi-
cates that dye molecule–Au NP core separation can be effectively 
enhanced with the PGNP PST53K nanoparticles for dye mole-
cules (At and Rh) which do not seem to be favorable for pene-
trating into the SLB hydrophobic core and hence are more likely 
to be able to enhance their PL. This can help explain the observed 
higher detection sensitivity and PL enhancement for At and Rh 
in presence of, especially, PST53K PGNP. It might be noted 
that PGNP PST3K also penetrates partially and the hydrophobic 

grafted layer also adds to the separation between dye and Au 
NP core leading some PL enhancement. In solution, the grafted 
chains stretch out and are extended longer and make it possible 
for the dye molecule to penetrate the grafted layer (note that dye 
molecule sizes are considerably smaller compared to the grafted 
PST chains in solutions) and reach closer to the Au core leading 
to quenching of their PL.  

 To elaborate the effect of PGNP–SLB interaction, especially 
the role of this interaction, on SLB integrity and ordering as 
well possible alterations in their phase behavior and mechan-
ical properties, we have performed GID measurements on 
these systems under identical conditions along with the XR 
measurements. In  Figure    5   we show the 3D reciprocal space 
maps of the diffracted intensities from the lipid lattice struc-

ture. The respective reciprocal lattice vectors have been defi ned 

as 
4
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2

2
xyQ

x

π
λ

θ
= ⎛

⎝⎜
⎞
⎠⎟  and 2

sin( ) sin( )zQ
x

π
λ

α β[ ]= + , where  α , 

 β , and 2 θ  are indicated in Figure  4 a. In our measurements 
we have found two distinct peaks (representative of non-
degenerate [1,1] and degenerate peaks [0,2]) typical for the 
molecules arranged in a rectangular lattice symmetry. [ 68,69 ]  
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 Figure 5.    Reciprocal space mapping of a) bare SLB b) after incubation with PST3K PGNPs. c) Bare SLB d) after incubation with PST53K PGNPs. The 
numbers shown in each panel identifi es the exact peak position in terms of ( Q   xy  ,  Q z  ).
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From the individual peak positions we have extracted the 
lattice parameters of the rectangular lattice system tabulated in 
Table 2 (Supporting Information) using the general relations 
connecting interplanar spacing with Miller indices using the 
relation 

 

1
2 cos( )2

2 * 2 *2 * * *2

d
h a k b hka b γ= + +

  
(1)

 

 where  h  and  k  are the defi ned Miller indices of a particular 
plane,  a ∗ and  b ∗ defi ne the unit cell dimension in reciprocal 
space and are defi ned in terms of real space lattice (for a rectan-
gular lattice system) vectors by 

 

1
,

1*2
2

*2
2a

a
b

b
= =
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 and  γ * represents the angle for the reciprocal lattice.  
 From Table 2 (Supporting Information), it is clear that the 

lattice expands, without change in symmetry, when the SLBs 
are incubated with PGNPs. The extent of this expansion is 
larger for SLBs incubated with PST53K PGNPs, compared to 
PST3K nanoparticles under identical conditions. Apart from 
the unit cell dimensions various other parameters can be 
extracted by careful analysis of the GID rods. For example, the 
in-plane lateral coherence length,  L   xy   (Supporting Information, 
Equation (1)), signifying the extent of in-plane ordering of lipid 
molecule can be extracted. Similarly, the out of plane coher-
ence length,  L   z   (Supporting Information, Equation (2)), repre-
sents the extent of coherence in vertical ordering can also be 
estimated from the data. Table 2 (Supporting Information) 
indicates the values for  L xy   and  L   z   [ 58 ]  indicating a clear reduc-
tion in both the parameters for PST3K & PST53K PGNPs 
incubated SLBs as compared to the bare SLB values. PST53K 
PGNPs result in a 46% decrease in  L  xy  when compared with 
the bare SLB. In contrast, only a 16% decrease is observed for 
the PST3K PGNPs–SLB system. The corresponding changes 
in vertical ordering, as estimated from reduction in  L   z  , are 
smaller at 14.1% and 11.7% change for PST53K and Au-PST3K 
PGNPs when compared with the bare SLBs, respectively. These 
changes clearly indicate the stronger interaction with SLBs and 
their reorganizations caused by the PST53K PGNPs and corre-
lates well, especially the change in  L   z  , with the observations of 
reduced SLB thickness as extracted from EDP. 

 Besides, we have also estimated the values of  A  h  and area/
chain ( A  c ) (Supporting Information, Equation (3)) perpen-
dicular to the chain, as the packing in head and tail parts of 
lipid molecule is different due to different degree of tilting 
(Supporting Information, Equation (4)). For a rectangular unit 
cell of dimensions  a  and  b , these parameters can be defi ned 
as using the relation. [ 67 ]  Table 2 (Supporting Information) indi-
cates that  A  h  increases as a result of PGNP interaction with 
SLBs. While it increases by 16.6% after PST3K PGNP incuba-
tion the increase is almost by 28.2% after PST53K PGNP incu-
bation, again, indicating a signifi cantly stronger interaction of 
the latter with the DMPC SLBs. 

 Further, we have also estimated the nearest neighbor tilt 
angle ( θ  NN ) [ 69 ]  using the values of nondegenerate and degenerate 
peak of GID data (Supporting Information, Equation (5)). 

Interestingly we can also observe signifi cantly larger increase 
in the  θ  t  and  θ  NN  after PST53K incubation as compared to Au-
PST3K PGNP incubated SLBs. Finally the order parameter,  S  n , 
which signifi es the extent of lipid ordering can also be calcu-
lated from the tilt angle information. [ 58 ]  

 GID measurements seem to suggest that the PGNPs fl u-
idize the SLBs through increase in  A  h  and the extent of fl uidi-
zation is more for PST53K compared to PST3K PGNPs. This 
suggests the possibility that mechanical properties of the lipid 
bilayer membranes could also get affected by the PGNP inser-
tion which could also play a crucial role in the enhancement 
effi ciency of Rh as discussed earlier. To measure the effect 
of fl uidity caused by PGNPs, we have performed diffusing 
wave spectroscopy (DWS) [Rheolab II, LS Instruments] based 
microrheology (MR) measurements on DMPC SUVs similar 
to the ones used for the bulk PL measurements discussed ear-
lier. [ 72 ]  DWS based MR measurements have been extensively 
used for various soft matter systems earlier [ 73–77 ]  and provide 
length scale dependent rheological information over a wider 
frequency range as compared to conventional rheology. Both 
the vesicles and PGNPs were dissolved in a solvent water/tet-
rahydrofuran (THF) = 1:1. Experiments were carried on these 
samples by using 5 mm thick glass cubette and 687 nm inci-
dent laser line for scattering. In these measurements we have 
varied temperature from 16 to 45 °C in steps of 2° to study the 
effect of PGNP binding on the dynamics and phase behavior 
of the SUVs. At each temperature, data were collected after 
thermally stabilizing the system. Using intensity auto correla-
tion function  g  2 (t) we have estimated mean squared displace-
ment (MSD) and viscoelastic modulus (G′ and G′′) for a par-
ticular time range using generalized Stokes–Einstein relation. 
 Figure    6  b shows a comparison in terms of viscoelastic modulus 
as a function of temperature at a fi xed frequency (≈100 rad s −1 ) 
of DMPC vesicles in presence of PST3K and PST53K PGNPs. 
In order to check if the presence of THF causes any disruption 
to the SUVs we have performed DWS measurements on them 
without any added PGNPs. We have not found any qualitative 
difference in dynamical behavior of the vesicles when they were 
in DI water and in presence of water/THF mixed solvent. For 
DMPC SUVs we observe clear evidence of a phase transition 
of the lipid chains at ≈300 K as expected for this system with 
a nonmonotonic variation of the modulus across this tempera-
ture. Interestingly, we observed a clear and signifi cant change 
in mechanical properties of vesicles incubated with PST53K 
grafted PGNPs compared to the PST3K capped particles. The 
PST53K PGNPs distorted the total mechanical property repre-
sented by its lower viscous modulus which varies monotoni-
cally across the melting temperature (295–325 K), whereas in 
presence of PST3K PGNP, the modulus shows variation similar 
to the pristine SUVs. Therefore the PST3K PGNPs, even if it 
binds on the SUVs, are unable to alter the mechanical prop-
erty of the underlying lipid bilayer, whereas PST53K PGNPs 
clearly seem to fl uidize the DMPC SUVs. These measurements 
provide further evidence that PST53K PGNP has more affi nity 
toward DMPC lipid membranes and penetrates deeper into the 
membrane to alter the mechanical property, to a signifi cantly 
larger extent, as compared to PST3K PGNP. These results com-
plement and corroborate the GID and XR measurements nicely 
and provide a microscopic understanding not only of the PGNP 
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interaction with the lipid bilayers but also of the observed varia-
tion of PL intensity of the dye molecules.  

 The SUV as well as SLB based PL measurements indicate 
that in presence of PGNPs, emission intensity is enhanced 
for At and Rh, whereas it quenches for CY5. The enhance-
ment decreases from At to CY5 which can be attributed to 
the larger spectral overlap between the SPR of PGNPs and 
PL spectra of At dye, as compared to both Rh and CY5 (Sup-
porting Information, Figure 1). The effect is more prominent 
for PST53K PGNP compared to PST3K. Surprisingly, we did 
not observe any enhancement in absence of lipid membranes 
in form of vesicles for bulk PL measurements. AFM images 
on SLB based measurements show clear difference between 
the self assembled structures formed by PST3K and PST53K 
PGNPs. It reveals that the PST53K PGNPs penetrate inside the 
top leafl et of the bilayer and form pore-like structure, whereas 
PST3K PGNPs create surface aggregation without any signa-
ture of membrane permeation. X-ray refl ectivity data analysis 
shows that the PST53K PGNP penetrates more into the SLBs 
compared to PST3K PGNPs. From EDP of the respective PGNP 
incubated SLBs it appears that in presence of PST3K grafted 
nanoparticle, the membrane perturbs locally and thus the  ρ  of 
head and tail parts of the top leafl et gets affected. On the other 
hand PST53K PGNP disturbs the full SLB. Interestingly we 
observed an increase of  ρ  in the head group of the top leafl et, 
whereas the  ρ  has gone down for the tail and the head group 
of the bottom leafl et. This indicates a clear penetration of the 
PST53K PGNPs into the membrane and the position of hydro-
philic gold core in the hydrophilic head group increased the 
effective  ρ  of the top leafl et head layer in spite of local defor-
mation caused by the nanoparticle–membrane interaction. The 
height of the structures formed by the PST3K PGNPs is around 
5–6 nm which is close to their total diameter (Supporting Infor-
mation, Table 3). Therefore such patterns formed by PST3K 
PGNPs are only membrane surface bound, there is no penetra-
tion. Conversely PST53K PGNPs, having comparatively smaller 
core size (≈1.5 nm) but a larger shell (≈5.5 nm), are able to pen-
etrate into the membrane and that is clear from the depth anal-
ysis in Figure  2 h. The enhanced ability of the PST53K PGNPs 
seems to be driven by the higher hydrophobicity of these parti-
cles as compared to the PST3K particles. GID measurements 
on PGNP–SLB systems also indicate a distortion in the lateral 

ordering by both the PST3K and PST53K PGNPs on DMPC 
SLB. A detailed analysis shows an extension of the in plane lat-
tice dimension by around 4% for PST3K PGNP–SLB system, 
whereas it is ≈7.5% for the PST53K PGNP–SLBs. We have also 
observed a qualitative trend in the out of plane molecular tilt 
angle estimation, estimating the extent of molecular distortion 
from its original orientation. To quantify further, we have cal-
culated the order parameter ( S  n ) for these type of systems and 
found the decrease in SLB is 30.69% after PST3K PGNP incu-
bation while its value is almost 33.36% after PST53K PGNP 
incubation. 

 Finally the DWS measurements show that the PST53K 
changes the mechanical properties of the normal vesicle com-
pared to PST3K PGNPs. As we have seen earlier also, the 
PST53K penetrates the membrane and makes vesicles less 
viscoelastic, whereas the PST3K perturbs less and vesicles still 
show its inherent viscoelastic nature and the phase transition 
across its melting temperature. The drastic reduction in the 
loss modulus for PST53K incubated vesicle also signifi es a 
reduction of viscosity and hence the induced local fl uidity in 
the lipid membrane upon binding which eventually increases 
continuously with temperature and destroys the DMPC lipid 
gel–fl uid phase transition. We would like to add here that this 
was more a proof-of-principle experiment which demonstrated 
the possibility of creating such biomimetic membrane and 
polymer grafted nanoparticles hybrids for enhancing detec-
tion sensitivity of dyes using the plasmon resonance of the 
nanoparticles. More systematic study in terms of optimizing 
the nanoparticles concentration, as we have shown for den-
drimer-membrane hybrids [ 58 ]  or applying this to other types 
of plasmonic nanoparticles or polymers or even different lipid 
compositions would further improve the versatility of these 
templates.  

  3.     Conclusions 

 In conclusion, with the combination of PL, high resolution 
GIXS, and AFM studies, we have shown probable applica-
tions of nanoparticle embedded plasmonic biomembranes 
in terms of enhancing biosensitivity using several important 
biomarkers. We have also provided mechanistic insight on 

 Figure 6.    a) Variation of mean square displacement (at  t  = 0.01 s) with temperature for PGNP incubated DMPC lipid vesicles. b) Dependency of the 
imaginary part of viscoelastic modulus (at  ω  ≈ 100 rad s −1 ) for DMPC vesicle in presence of PGNPs capped with PST3K and PST53K. The vertical line 
denotes the fl uid–gel transition temperature for DMPC system as reported earlier. [ 78 ] 
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the PGNP–lipid bilayer interaction and formation of regular 
patterns as well as possible molecular level reorganizations in 
the lipid membrane. We observe a very regular and well defi ned 
barrel-like and pore like structure by membrane bound nano-
particles, without actually disrupting the integrity of the mem-
branes, which could affect the PL intensity enhancement for 
biocompatible emitters. Such structures help in controlling the 
distances between the acceptors and donors and hence maxi-
mizing the emission. These results on hydrophobic nanoparti-
cles could have potential applications in the fi eld of biosensors, 
biosignaling, bio imaging, immunology, photothermal therapy 
as well as in target specifi c drug/gene delivery.  
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