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• Generation of cationic porphyrin J-ag
gregates on Au@polymer nano
composite surface.

• Positively charged model adsorbate 
getting concentrated at nanocomposite.

• Improved spectroscopic detection due to 
the thermoresponsiveness of polymeric 
shell.

• Two-step aggregation of the tetra- 
cationic porphyrin.

• Detection of therapeutically-active spe
cies at their relevant concentrations.

A R T I C L E  I N F O

Keywords:
Smart polymer
Gold nanoparticle
Nanoparticle surface coating
J-aggregates
Substituted porphine macrocycle
TMPyP spectral form

A B S T R A C T

Spectroscopic detection represents a big part of biomedical, biological, material, and environmental research. 
Here, the formation of J-aggregates of a tetra-cationic porphyrin (TMPyP), serving as a model adsorbate and 
known as a sensitizing part of antitumor and therapeutically-active agents, has been evidenced by several 
spectroscopic methods such as: UV–vis absorption spectroscopy, steady-state fluorescence, resonance Raman 
scattering (RRS) and surface-enhanced resonance Raman scattering (SERRS). It should be noticed that the tetra- 
cationic porphyrin does not form aggregates at low concentrations in water spontaneously, nor in the presence of 
low-molecular-weight species enveloping Au nanoparticles (AuNPs, prepared as references by citrate- and/or 
borohydride-induced reductions); indeed, rather an aggregation of AuNPs with adsorbed TMPyP were observed 
in these systems. On the contrary, at the surface of core@shell nanocomposites containing plasmonic AuNPs as a 

Abbreviations: Au20PM, nanocomposite consisting of gold nanoparticles (20 nm in diameter) surrounded by a shell of poly-2-(2-methoxy-ethoxy)ethyl- meth
acrylate; Au60PM, nanocomposite consisting of gold nanoparticles (60 nm in diameter) surrounded by a shell of poly-2-(2-methoxy-ethoxy)ethyl- methacrylate; 
Au100PM, nanocomposite consisting of gold nanoparticles (100 nm in diameter) surrounded by a shell of poly-2-(2-methoxy-ethoxy)ethyl- methacrylate; Au60PN, 
nanocomposite consisting of gold nanoparticles (60 nm in diameter) surrounded by a shell of poly-N-isopropyl-acrylamide; Au60PS, nanocomposite consisting of gold 
nanoparticles (60 nm in diameter) surrounded by a shell of polystyrene, AuNPs = gold nanoparticles; MLSCC, monolayer surface-coverage concentration; NPs, 
nanoparticles, PDT = photodynamic therapy; RS, Raman scattering; RRS, resonance Raman scattering; SERS, surface-enhanced Raman scattering; SERRS, surface- 
enhanced resonance Raman scattering; TMPyP, 5,10,15,20-tetra-(N-methyl-4-pyridyl)porphyrin; MPyP6, TMPyP in 1 μM final concentration; TMPyP7, TMPyP in 0.1 
μM final concentration..
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core (of three different sizes: 20, 60, and 100 nm) and selected polymers (two thermoresponsive polymers: poly- 
N-isopropyl-acrylamide and poly-2-(2-methoxy-ethoxy)ethyl-methacrylate, and polystyrene as a reference) as a 
shell, J-aggregates of TMPyP were detected by UV–vis absorption, fluorescence, RRS and SERRS for the first time 
in the present work. The mechanism of spontaneous J-aggregates formation of TMPyP at the nanocomposite 
surface (in TMPyP concentrations falling well below and/or being slightly above monolayer surface-coverage 
values) is suggested based on (i) coulombic attraction and (ii) amphiphilicity of the polymeric shells. Slightly 
elevated temperature (32 ◦C) and prolonged time of ageing (1 month) of the AuNPs@thermoresponsive polymer 
nanocomposites with adsorbed porphyrin resulted in a further increase of TMPyP J-aggregates formation. This 
can be regarded as the second aggregation step of the tetra-cationic porphyrin molecules stuck into polymeric 
shells that is beneficial for its spectroscopic detection. It can be envisaged that the concept of concentrate for
mation (aggregation) and spectroscopic detection of low concentrations of any species (even extremely charged 
and well dissolved in aqueous solution) via its spontaneous aggregation at the surface of AuNPs@thermores
ponsive polymer core@shell nanocomposites, more pronounced at slightly elevated temperatures, and 
concomitant aggregation-induced fluorescence quenching of fluorophores could be exploited in biomedical, 
biological, material, and environmental research domains.

1. Introduction

Optical spectroscopies, such as UV–visible (UV–vis) absorption, 
fluorescence, Raman scattering (RS) and surface-enhanced Raman 
scattering (SERS) are substantial techniques of species detection in 
aqueous media due to negligible interference of water signal (which is 
contrary to infrared absorption spectroscopy for instance). UV–vis 
spectrophotometers are common in laboratories and generally used by 
scientists as a basic characterization and detection method, while fluo
rescence, RS and SERS are available rather in spectroscopically oriented 
laboratories. Fluorescence and SERS enable highly sensitive and very 
selective detection with high enhancement factors, respectively [1]. 
Recently, fluorescence has been employed in rapid, sensitive, on-site 
detection of species (e.g. [2]), and SERS in label-free detection and 
real-time in vivo monitoring of biologically important molecules and/or 
pollutants of emerging concerns (e.g. [3–6]). It should be noted that 
fluorescence is characteristic by a rather broad band, whereas RS/SERS 
manifests itself by well-resolved patterns which reflect and are very 
sensitive to any changes within the vibrational state of the molecule 
under study. Thus, RS/SERS spectra give more detailed structural in
formation about the studied molecule than fluorescence.

Usually, noble metal (Au, Ag) nanoparticles (NPs) of various sizes 
and shapes and/or their dimers are exploited in the optical signal 
enhancement of species located in the near vicinity of the NPs surface 
[7,8]. Besides dimers, sharpened morphologies and/or intergrown noble 
metal NP aggregates are generated to create “hotspots” with large 
electromagnetic field enhancements [9–11]. In SERS-active systems 
exploiting hotspot formation, NPs aggregation leading to SERS signal 
increase is employed frequently. This working strategy is inverted in the 
present work: adsorbate molecules are aggregated instead of AuNPs. The 
advantage is that the aggregation of any organic species leads to their 
increased concentration at the close vicinity of the NP surface. More
over, in the case of organic fluorophores, aggregation induces their 
fluorescence quenching [12]. This is again beneficial for SERS mea
surements because troubles with broad fluorescent backgrounds can be 
solved simultaneously. Hence, there are two independent spectroscopic 
methods, fluorescence and SERS, each based on a different principle, 
confirming the formation of adsorbate aggregates. The former spectro
scopic method should provide a decreasing trend of signal, while the 
latter an increasing one when adsorbate aggregation occurs.

Aggregation of noble metal NPs can be suppressed either electro
statically, sterically, or owing to a combination of both manners [13]. 
On the other hand, adsorbate aggregation at noble metal NPs can be 
achieved by noncovalent interactions of adsorbate molecules with spe
cifically designed NP surfaces and/or by balancing electrostatic charges 
of the adsorbate. Therefore, by tailoring a protecting layer (a shell) 
around the plasmonic NP core, both requirements can be efficiently 
fulfilled (i.e., adsorbate aggregation is pronounced, whereas NPs ag
gregation suppressed). There may be low-molecular weight and/or 

polymeric compounds employed as the protective shell around NPs.
Recently, stimuli-responsive polymers, as a new category of smart 

materials, have been used in water treatment via a stimuli-induced pu
rification process and subsequent regeneration of the polymers, solving 
thus the sustainability issue concomitantly (e. g. [14]). Furthermore, 
plasmonic gold substrates grafted with a stimuli-responsive polymer 
[15] and/or hydrogel microspheres consisting of the same stimuli- 
responsive polymer, but decorated with Au nanorods [16] were suc
cessfully used in the detection of a model dye and/or an illegal pesticide, 
respectively. Inspired by these studies and based on our previous 
experience with stimuli-responsive polymers enabling the fine-tuning of 
noble metal NPs optical properties [17–22], we selected two thermor
esponsive polymers, poly-N-isopropyl-acrylamide (pNIPAM), poly-2-(2- 
methoxy-ethoxy)ethyl-methacrylate (pMEO2MA), and for comparison, a 
non-thermoresponsive polymer, polystyrene (pSTYRENE) for the pre
sent work. Contrary to the two above mentioned strategies (plasmonic 
substrates grafted with a stimuli-responsive polymer and polymeric 
microspheres decorated with Au nanorods), the thermoresponsive 
polymers create the protecting shell around AuNPs and hinder thus the 
direct contact of the selected adsorbate with AuNP surface in our present 
work; whereas polystyrene, serving as a reference, is rather eccentrically 
grown on AuNPs (forming thus a Janus type of NPs) to preserve the 
solubility of the resulting nanocomposite. In principle, the RS/SERS 
signal of the selected adsorbate could be even improved at elevated 
temperatures in the case of stimuli-responsive polymers, where the shell 
thickness varies according to the external stimulus (here temperature).

For the demonstration of the proposed concept feasibility (alias to 
concentrate highly charged adsorbate molecules at the surface of 
core@shell AuNPs@polymer nanocomposites), 5,10,15,20-tetra-(N- 
methyl-4-pyridyl)porphyrin (TMPyP) was chosen as a model adsorbate 
in the present work. This porphyrin per se [23], or in conjunction with 
carbon dots [24], AuNPs [25] and/or Au (III) ions [26] is known to serve 
as a sensitizer in photodynamic therapy (PDT) of cancers and/or as 
antitumor agent, respectively. It is a tetracationic porphyrin that is 
incapable of forming aggregates and/or dimers in its low concentrations 
in an aqueous solution [12,27,28] due to the electrostatic repulsion of 
four positive charges; indeed, TMPyP stays non-aggregated until 1 mM 
concentration value [27]. It can be easily measured by UV–vis, fluo
rescence, and RRS/SERRS spectroscopies (exploiting resonance with its 
electronic absorption when appropriate excitation laser line chosen). In 
tumour-related applications, TMPyP is usually employed in the con
centrations of units and dozens of micromolar [23–26]. Therefore, it is 
utmost important to detect TMPyP in such concentrations (1 μM and 
lower) unequivocally, which is the right task for RRS/SERRS. The choice 
of TMPyP as a model adsorbate in this study is not random, but rather 
based on our previous experiences with it [28–32]. To the best of our 
knowledge, here, it is also the first time when TMPyP is detected based 
on its preconcentration in the close vicinity of Au@thermoresponsive 
polymer nanocomposites.
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TMPyP is known to form J- and H-aggregates under very specific 
conditions [12,28,33]; the former type of aggregates causes higher 
fluorescence quenching than the latter [12]. Besides PDT of cancers, 
TMPyP has been exploited by many authors for other applications; it 
served so far as: (i) photoactive compound producing singlet oxygen in 
electrospun nanofibers exploited as antibacterial substrates [34], (ii) 
bactericidal agent against Staphylococcus aureus when sensitized by 
farnesol and activated upon red light [35], (iii) reversible proteasome 
inhibitor [36], (iv) telomerase inhibitor [37], and (v) optical sensor for 
the toxic heavy metal ions detection in aqueous solutions [38].

Based on the concentration range frequently used in cancer-related 
applications, low TMPyP concentrations (0.1 and 1 μM) were investi
gated here to prove the proposed new concept. If TMPyP concentrated (i. 
e., aggregated) at the surface of Au@polymer nanocomposites (although 
the final TMPyP concentration in aqueous solution does not exceed the 
calculated monolayer surface coverage concentration value), its aggre
gates can be easily recognized by (a) UV–vis absorption spectroscopy (by 
Soret band shifts), (b) fluorescence signal quenching and changes of 
fluorescent features, and (c) SERRS signal detection of TMPyP aggre
gates spectral form, as demonstrated within this study. Moreover, the 
thermoresponsiveness of the smart polymers augmented the J-aggre
gates formation of TMPyP at slightly elevated temperatures as assumed. 
Furthermore, the long-term stability of the SERRS signal of the 
porphyrin was achieved (as evidenced by 1-month aged samples) due to 
the presence of the smart polymer shell that surrounds the plasmonic Au 
core and prevents AuNPs aggregation. Apart from spectroscopic 
methods, many other experimental techniques, such as transmission 
electron microscopy (TEM), dynamic light scattering (DLS), zeta po
tential measurement, and inductively coupled plasma mass spectrom
etry (ICP-MS) were employed for the characterization and investigation 
of the nanocomposites under study, and their interaction with the 
cationic porphyrin selected as a model compound.

2. Materials and methods

2.1. Chemicals

Gold (III) chloride hydrate (Aldrich, 99.999 % trace metal basis), 
sodium citrate (Sigma-Aldrich, p.a., ≥ 99.0 %), sodium borohydride 
(Fluka, ≥ 99 %); 5,10,15,20-tetra-(N-methyl-4-pyridyl)porphyrin 
(TMPyP, Sigma-Aldrich, 97 % dye content). All stock solutions were 
prepared with deionized water (purification system Milli-Q, Millipore 
Corp., Bedford, MA, USA). All glassware was cleaned with aqua regia 
acid (the mixture of nitric acid and hydrochloric acid in the ratio of 1:3) 
and copious amounts of deionized water before its usage.

The monomers, 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA, 
Aldrich 95 %) and N-isopropylacrylamide (NIPAM) were purified by 
passing through a neutral alumina column and recrystallization, from a 
hexane/toluene mixture (90/10 vol%), respectively; Styrene (St, Merck 
> 99 %) and methyl methacrylate (MMA, Merck > 99 %) were used as 
received. The chemicals, 2-(2-(2-(acetylthio)ethoxy)ethoxyl)ethyl 
methacrylate (AcSEO2MA), 2-(2-(2-chloroethoxy)ethoxy)ethan-1-ol 
(96 %, Aldrich), methacryloyl chloride (97 %, Aldrich), triethylamine 
(99 %, Scharlau), dichlorometane (DCM) (99 %, Aldrich), anhydrous 
sodium sulfate (99 %, Qemical), potassium iodide (99.5 %, Panreac), 
potassium thioacetate (98 %, Aldrich) and acetonitrile (99.9 %, Schar
lau) were employed as received. The reagents, [1,1,4,7,10,10- 
hexamethyltriethylene-tetramine (HMTETA) (97 %, Aldrich); copper 
chloride (CuCl) (≥99.99 %, Aldrich); ethyl-2-bromoisobutyrate (EBriB) 
(98 %, Aldrich); ammonium persulfate (APS) (>98 %, Fluka); tetra
ethylene glycol dimethacrylate (TEGDMA) (>90 %, Fluka); sodium 
dodecyl sulfate (SDS) (Fluka). Solvents were dried by standard methods 
or by elution through a Pure Solv Innovative Technology column drying 
system. Additional chemicals needed for the preparation of non- 
plasmonic referent systems: Ethanol absolute and toluene were pur
chased at Scharlau. Hydrochloric acid (37 %) was supplied by VWR. 

Tetraethyl orthosilicate (TEOS),3-(trimethoxysilyl)propyl methacrylate 
(TMSPMA, 98 %) were provided by Sigma Aldrich. Triethylamine was 
from Acros Organic, Ammonium hydroxide (NH4OH, 25 %) was sup
plied by Panreac.

2.2. Synthetic procedures

2.2.1. Synthesis of Au@polymer core@shell nanocomposites
The Au@p(MEO2MA) nanocomposites were synthesized following 

the synthesis described below for sample Au20PM. In a Pyrex tube 
equipped with a magnetic stirrer and an N2 gas inlet, 2 mL of as- 
prepared P(MEO2MA-co-AcSEMA) capped Au NPs aqueous solution 
was heated to 70 ◦C, followed by the addition of MEO2MA monomer 
(0.138 mmol), TEGDMA cross-linker (4.12 × 10− 3 mmol), and SDS 
(1.145 × 10− 3 mmol) under stirring to form a homogeneous solution. 
After a 20 min N2 purge, polymerization was initiated by adding 100 μL 
of APS solution (0.035 M).

The Au60PN and Au60PS nanocomposites were synthesized through 
the procedure defined below for sample Au60PN. In a tube equipped 
with a stirrer and an N2 gas inlet, reactive were added as follows: 
AcSEO2MA monomer in ethanol (1.72 10− 3mol), NIPAM monomer (6.4 
10− 2mmol), TEGDMA crosslinker (1.71 10− 3mmol), ethanol, SDS in 
water (2.9 10− 4mmol) and 1mL of citrate capped Au NPs aqueous so
lution under stirring. After 20min N2 purge, polymerization was initi
ated by heating up to 70 ◦C, followed by the addition of 100μL of APS 
solution (0.02M).

In both procedures, the reaction was stopped after 2 h, by cooling 
down in an ice bath while the tube was opened to the air. Finally, after 
water dilution, the sample was 4× centrifuged (4600 rpm, 30 min) and 
re-suspended in water until the complete removal of empty polymer 
micelles and excess reactants.

2.2.2. Preparation of Au@polymer nanocomposite-TMPyP systems
Two final concentrations of TMPyP were used: 1 μM (labelled as 

TMPyP6) and 0.1 μM (labelled as TMPyP7). Both were investigated by 
SERRS measurements, while only 0.1 μM in fluorescence measurements. 
The Au@polymer nanocomposite-TMPyP6 and/or -TMPyP7 systems for 
SERRS measurements were prepared by addition of 8.5 μL of 1 × 10− 5 M 
and/or 1 × 10− 6 M TMPyP solution to 75 μL of the appropriate 
Au@polymer nanocomposite, respectively. Reference systems contain
ing TMPyP6 and TMPyP7 were prepared in a similar way, just 75 μL of 
deionized water was used instead of the appropriate nanocomposite 
solution.

2.3. Methods of characterization

2.3.1. UV–Vis spectra
UV–Vis spectra of the nanocomposites, as well as systems with 

TMPyP6 were recorded on spectrometer Specord PLUS 250 (ChromSpec, 
Analytic Jena, Jena, Germany), in the range between 190 and 1100 nm. 
Quartz cuvettes with 1.35 mL of a particular colloidal sample were used 
for the measurements. Deionized water in another quartz cuvette served 
as a reference.

2.3.2. DLS and Zeta potential measurements
Hydrodynamic diameters and zeta potentials were measured with a 

Zetasizer Nano ZS instrument (Malvern Instruments Ltd., UK) equipped 
with a 4 mW He-Ne laser operating at a light source wavelength of 632 
nm and a fixed scattering angle of 173◦ for detection. Malvern Disper
sion Software was used for data acquisition and analysis, applying the 
general-purpose algorithm for calculating the size distribution.

2.3.3. Fluorescence spectra
Fluorescence spectra were recorded on a JASCO F8500 (Jasco, Tokyo, 

Japan) spectrofluorometer using a 1 cm quartz cuvette and 2.5 nm slits. 
The excitation wavelength was set to 422 nm. Emission spectra were 
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measured in the range of 600–850 nm with the scan speed of 100 nm/ 
min, high sensitivity, and 0.1 nm data interval. Three scans were aver
aged to provide a representative spectrum which was further smooth
ened (adjacent average). All spectra were corrected to avoid any 
deviations induced by instrumental components. Deionized water 
served as a blank. Due to the necessity of higher volume than 83.5 μL, 
samples were prepared as follows: 70 μL of SERRS-samples (containing 
1 × 10− 6 M TMPyP, abbreviated as TMPyP6) were added to 630 μL of 
deionized water, resulting thus in 1 × 10− 7 M final TMPyP concentra
tion (TMPyP7).

2.3.4. Resonance Raman and surface-enhanced resonance Raman spectra
Resonance Raman and surface-enhanced resonance Raman spectra were 

acquired on a Raman Optical Activity spectrometer developed at Pal
acký University Olomouc. Liquid samples were measured in a rectan
gular fused quartz cell of 70 μL volume placed in a temperature- 
controlled box, using the back-scattering geometry, scattered circular 
polarization (SCP) modulation scheme, and Nd:YAG laser with 532 nm 
excitation wavelength. Laser power of 10 mW, accumulation time of 2.5 
s, 16 scans, and 12 frames were employed. The RRS/SERRS spectra were 
recorded at room temperature (20 ◦C), or 15 ◦C, and/or 32 ◦C. prior to 
RRS/SERRS spectra acquisition at the defined temperatures, the delay 
time was 8 min to enable the particular sample to be temperature- 
equilibrated. The RRS/SERRS spectra recorded at 532 nm excitation 
laser line were measured in two-three independent measurements at 15, 
20, and 32 ◦C, separated by a period of 8 months in several cases. Since 
the repetition provided the same signal patterns and the same trends, it 
could be concluded that the nanocomposites are stable in the course of 
time. It should be noted that SERRS was measured at 15 ◦C rather than at 
12 ◦C (the case of DLS measurements) to avoid high humidity problems 
(resulting in bedewing of cuvettes). The choice of excitation laser line is 
further discussed in Supporting Information.

2.3.5. Inductively coupled plasma mass spectrometry (ICP-MS)
To accurately determine the total Au content, the validated ICP-MS 

method was employed. Prior to ICP-MS analysis, each sample was son
icated and consequently digested using an MLS 1200 M closed vessel 
microwave digestion unit (Milestone, Italy). The organic matrix was 
decomposed by a mixture of 4 mL of nitric acid (69 %, Analpure) and 
hydrochloric acid (36 %, Analpure) in 1:1 ratio. The digests were 
allowed to cool down to laboratory temperature, diluted with the ul
trapure water to 25 mL in volumetric flasks, and stored at 4C until ICP- 
MS analysis. The detailed ICP-MS method description and the corre
sponding validation in terms of the limit of detection (LOD), the limit of 
quantification (LOQ), trueness, and precision are presented in the Sup
plementary Materials of our previous work [39]. All ICP-MS measure
ments were performed in triplicates, and the results are expressed as an 
average ± standard deviation (SD).

2.3.6. Transmission electron microscopic (TEM)
Transmission electron microscopic (TEM) imaging were performed by 

using a Jeol 2010F transmission electron microscope (Jeol USA, Inc., 
Peabody, MA, USA), equipped with a LaB6 cathode (accelerating voltage 
30 kV–200 kV; CCD camera KEENview G2 (ResAlta Research Technol
ogies, Golden, CO, USA). A 3-μL drop of a particular colloidal sample 
was deposited onto a carbon-coated copper grid. Grids were allowed to 
dry at room temperature in a Petri dish covered by its lid for at least one 
day before performing TEM measurements. Energy dispersive spectra 
(EDS) of selected samples were recorded on Oxford x-MAX 80 T (SSD) 
(Oxford Instruments, Oxford, UK).

3. Results and discussion

The interaction of a cationic porphyrin (TMPyP) in therapeutically- 
important concentrations (1 μM) with nanocomposites, differing in the 
polymeric shell surrounding plasmonic Au nanoparticle core (AuNPs, 

60 nm in diameter, abbreviated as Au60), was investigated by using 
spectroscopic techniques. The nanocomposites are labelled as follows: 
Au60PS (polystyrene at AuNPs of 60 nm in diameter), Au60PN (poly-N- 
isopropyl-acrylamide at AuNPs of 60 nm in diameter), Au60PM (poly-2- 
(2-methoxy-ethoxy)ethyl- methacrylate at AuNPs of 60 nm in diameter). 
Chemical structures of the three different polymeric shells formed and 
cross-linked around AuNPs core are given in Scheme 1.

In the case of pMEO2MA, the impact of the plasmonic core of sizes 20 
and/or 100 nm in diameter embedded in the smart polymeric shell, 
named Au20PM and Au100PM, respectively, on properties and potential 
applicability for TMPyP detection were looked into as well.

The microscopic morphologies of all five Au@polymer nano
composites before their interaction with TMPyP are shown in Fig. 1. It 
reveals the concentric and/or eccentric polymeric shells around AuNPs 
in the cases of thermoresponsive polymers; while Janus type of particles 
in Au60PS nanocomposite. Concerning particle size distribution (PSD) 
derived from TEM images, the reader is referred to the Supporting In
formation (Table SI-1 and Figure SI-1). However, it should be kept in 
mind that TEM images are recorded in dried state; whereas spectro
scopic measurements are performed in solution. Therefore, dynamic 
light scattering (DLS) is also measured and the results, expressed as 
hydrodynamic diameters, considered when monolayer surface-coverage 
concentration (MLSCC) of the model adsorbate calculated for instance.

In the following text, we focus our attention first on the effect of each 
polymeric shell around the AuNP core (of 60 nm in diameter) on 
nanocomposite characteristics while interacting with TMPyP. In the 
second part, the influence of plasmonic AuNP core size (20 nm and/or 
100 nm) on the detection of TMPyP, while using the same polymeric 
shell (pMEO2MA), is addressed.

3.1. TMPyP interaction with AuNPs (60 nm in diameter) surrounded by 
three different polymeric shells

TMPyP is a chromophore molecule possessing characteristic ab
sorption bands in the visible part of electromagnetic radiation, i.e., 
intensive Soret band around 423 nm and four Q-bands located at 518, 
556, 586, and 642 nm [28]. Plasmonic AuNPs manifest themselves by 
surface plasmon extinction (SPE) band occurring also in the visible re
gion. Therefore, we recorded UV–vis spectra of nanocomposites before 
and after their interaction with TMPyP molecules in the range of 
350–800 nm, Figures SI-2 A-2E. For the sake of a direct comparison, the 
interaction of TMPyP with AuNPs without any polymeric shell, prepared 
by commonly used methods (citrate- and borohydride-induced re
ductions), was followed by UV–Vis spectroscopy and the spectra are 
shown in Figures SI-2F-2H as well. Since the final TMPyP concentration 
in all systems with nanocomposites is of 1 μM value (as labelled by 
number 6 behind the TMPyP abbreviation), only the Soret band can be 
clearly distinguished in the UV–vis spectra; while Q bands stemming 
from TMPyP are overlapped by particular SPE band of a nanocomposite. 
The position of SPE and Soret band maxima for each system (meaning 
the nanocomposite and nanocomposite-TMPyP6) are summarized in 
Table 1.

Based on UV–Vis spectra (Figures SI-2), it is obvious that AuNPs 
without polymeric shells tend to aggregate while interacting with 
TMPyP6 (which results in red-shift and broadening of SPE band), 
whereas AuNPs with polymers around plasmonic Au core do not. The 
position of the characteristic SPE band is only one feature among others 
(like band intensity, band shape, etc.), which describes the interaction 
between plasmonic nanoparticles and an adsorbate molecule. However, 
for clarity of presentation and excluding aggregation of polymer@Au 
nanocomposites, we can focus on it solely. Thus, as demonstrated in 
Table 1, the addition of TMPyP to Au60 nanocomposites with three 
distinctly different polymeric shells resulted in virtually no changes in 
SPE band positions. This was confirmed by visual control as well; no 
AuNPs aggregation was observed by the naked eye, and the character of 
proper solutions was preserved.
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On the contrary, the Soret band of TMPyP (positioned at 423 nm for 
the monomeric porphyrin) is slightly or substantially red-shifted in 
Au60PN-TMPyP6 or Au60PM-TMPyP6 systems, respectively – Table 1; 
definitely beyond the experimental error which is ±1 nm. As known 
from the literature [33], TMPyP aggregates containing multiple 
porphyrin molecules can be formed upon their interaction with a sur
factant (dissolved in aqueous solution in its premicellar concentration 
value) that is negatively charged (e.g., SDS). The Soret and Q bands are 
then red-shifted by a few nanometers [33]. We deduce that the red-shift 

of TMPyP Soret band observed in our Au@polymer nanocomposites may 
report about J-aggregates formation of porphyrin molecules interacting 
with the polymeric shell of the Au60 nanocomposites. In our previous 
work [28], J-aggregates formation of TMPyP was also encountered in 
the presence of borohydride anions and/or hydroxide (basic medium), 
which both represent quite dissimilar environments than here, where a 
polymeric shell (namely pMEO2MA) most probably leads to J-aggre
gates of TMPyP formation.

Zeta potential values of each Au60 nanocomposite before and after 
the interaction with TMPyP molecules are listed in Table SI-2. All Au60 
nanocomposites manifested themselves by negative zeta potentials 
ranging between − 14 and − 23 ± 7 mV; the most negative being 
encountered in Au60PM, while the least negative in Au60PS. There are 
very few changes, basically within the experimental error, in the average 
values for all three Au60 nanocomposites when allowed to interact with 
TMPyP (1 μM final concentration). Repulsive forces then keep the 
nanocomposites away from each other although cationic porphyrin 
molecules interact at their surface. It thus supports the spectroscopic 
results observed by UV–vis measurements, i.e., no obvious AuNPs ag
gregation and preservation of solution transparency.

As a sort of referent systems, namely for RRS spectroscopic mea
surements, nanocomposites consisting of silica core (60 and/or 100 nm) 
coated with thermoresponsive polymeric shells (PNIPAM and 

Scheme 1. Chemical structures of polymeric species surrounding AuNPs used in this study.

Fig. 1. Morphologies of the Au@polymer nanocomposites before their interaction with TMPyP. Concentric shells are grown in the cases of Au60PM, Au100PM, and 
Au20PM; while eccentric growth of the polymeric shell is used in Au60PN and Au60PS.

Table 1 
Changes in the position of maxima of SPE band stemming from AuNPs in Au 
nanocomposites and Soret band of TMPyP.

nanocomposite λmax(SPE) [nm] Addition of TMPyP£

λmax(SPE) [nm] λmax(Soret) [nm]

Au60PS 565 565 424
Au60PN 559 560 426
Au60PM 564 564 431
Au20PM 527 529 429
Au100PM 581 585 433

Note: £Soret band of TMPyP is positioned at 423 nm. The experimental error is 
±1 nm.
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PMEO2MA) were synthesized and are labelled as SST60PN, SST100PN, 
SST100PM (details of their syntheses are described in Supporting In
formation, Section 4). UV–vis spectra of these non-plasmonic nano
composites prior and after their interaction with TMPyP are shown in 
Figure SI-3. Apparently, there are no signs of Soret band shifts (see 
Figure SI-3). Further characteristics of the SiO2@polymer core@shell 
nanocomposites, such as their representative TEM images and Fourrier 
transform infrared (FT-IR) spectra are shown in Figure SI-4; their zeta 
potential values prior and after the TMPyP addition are listed in 
Table SI-2 in Supporting Information.

The polymeric shell is thick enough as determined by TEM (Fig. 1, 
Table 2) and/or by DLS measurements (Table 2 and Tables SI-3, SI-4) to 
hinder the direct interaction between TMPyP and the metallic surface in 
Au@thermoresponsive polymer nanocomposites. It coincides well with 
the UV–Vis measurements: the polymeric shell well protects AuNPs, 
preserving their SPE maximum position. Furthermore, the size changes 
of Au@thermoresponsive polymer nanocomposites in solution (deter
mined by DLS) as a function of temperature (Figure SI-5) are followed 
with the aim to determine the volume phase transition temperature 
(VPTT) of each particular system. The values derived from the size- 
temperature dependence (Figure SI-5) are then listed in Table SI-5 
together with polymer shell swelling ratios. DLS results for the referent 
SiO2@thermoresponsive polymer core-shell nanocomposites recorded 
at two temperatures (12 ◦C and 32 ◦C) are shown in Table SI-6.

Fluorescence spectra of TMPyP (in 0.1 μM final concentration, 
labelled TMPyP7) measured in deionized water and/or after the inter
action with Au60 nanocomposites (excitation 422 nm in all cases) are 
shown in Fig. 2.

The characteristic fluorescence of porphyrin (labelled as TMPyP7) is 
quenched in all three Au60 nanocomposite-TMPyP7 systems. Fluores
cence quenching is characteristic for aggregated porphyrins [12]. The 
order of nanocomposites according to increasing efficiency of TMPyP 
fluorescence quenching (derived from Fig. 2) is as follows: Au60PS <
Au60PN < Au60PM. Moreover, the character of TMPyP fluorescence is 
changing from a central peak located at around 720 nm with a broad 
shoulder positioned at approx. 655 nm, into two well distinguished 
peaks of similar intensities, appearing at 660 and 720 nm. The obser
vation of two well-separated peaks has been discussed in [12,27] 
already. It is explained by the decrease in the mixing of the porphyrin 
singlet excited state and charge transfer state (i.e., intramolecular 
charge transfer between П-system of porphyrin macrocycle and pyr
idinium groups) in assembled TMPyP molecules [12,27]. Importantly, 
pristine Au60 nanocomposites (i.e., without TMPyP) manifested them
selves by no fluorescence features in the emission region of interest, 
600–850 nm - Figure SI-6.

Resonance Raman scattering (RRS) spectra of TMPyP and surface- 
enhanced resonance Raman scattering (SERRS) spectra of Au60 
nanocomposite-TMPyP6 systems are shown in Fig. 3 and were recorded 

by using a 532 nm excitation laser line. Note that the RRS/SERRS 
spectra as measured are shown in Figure SI-7 A-B.

It should be mentioned here that SERRS spectra are recorded at two 
different temperatures (15 ◦C and 32 ◦C) – compare Fig. 3A and B. These 
two temperatures, derived from the thermal responsiveness of the 
Au@polymer nanocomposites under the study as demonstrated in 
Figure SI-5, are chosen and correspond to distinctly different thicknesses 
of pNIPAM and pMEO2MA around AuNPs, in accordance with our pre
vious work [17]. When the temperature is below/above the polymers 
VPTT value (Table SI-5), they manifest themselves by changes in vol
ume. Consequently, the hydrodynamic diameter of nanocomposites 
changes as demonstrated in Table 2 and Table SI-3: swelling of poly
meric shell is encountered at temperatures below VPTT (measurements 
at 12 ◦C), while shrinkage of polymeric shell above VPTT (measure
ments at 32 ◦C).

When comparing peak positions in Fig. 3 with the literature [40], 
where peak assignment of TMPyP in RRS and SERRS spectra can be 
found, the characteristic RRS spectrum of TMPyP is validated (Fig. 3A). 
On the other hand, SERRS spectral features of TMPyP interacting with 
Au60 nanocomposites resemble qualitatively to so-called SERRS spec
tral form III of TMPyP [41] regardless the type of polymer shell sur
rounding Au core. Namely, the peaks located at 385 cm− 1, 1368 cm− 1, 
and a shoulder at 1015 cm− 1 (Fig. 3A), are the three most prominent 
characteristics of SERRS spectral form III of TMPyP. The appearance of 
this TMPyP spectral form is very surprising in systems containing Au 
core and polymeric shell because it has been detected solely as a surface 
complex of TMPyP adsorbed on AgNPs so far, i.e., assigned to the surface 
complex of Ag-TMPyP [41]. Here, except Au core in nanocomposites 
(which, if uncovered by polymers, can interact with TMPyP revealing 
the characteristic SERRS signal as shown in Figure SI-7C), no Ag and/or 
any other metal is present as validated by ICP-MS measurements. 
Moreover, the thermoresponsive polymeric shell surrounding the Au60 
core is quite thick (Table 2), hence, any direct interaction between the 
porphyrin molecules and gold can be excluded as well (namely in 
Au60PM and Au60PM). Based on UV–Vis spectra and fluorescence fea
tures, we assume that J-aggregates are rather responsible for the 
observation of this type of SERRS spectral form in the Au60@polymer 
nanocomposite-TMPyP6 systems. Indeed, the tentative assignment of 
SERRS spectral form III of TMPyP to Ag-TMPyP in the previous work 
[41] should be reconsidered. In fact, the same stretching and bending 
deformations of TMPyP could be attributed not only to metallation, but 
also to stacking of porphyrin molecules as stated in [42]. Diacidic form 

Table 2 
Average polymeric shell thicknesses surrounding plasmonic Au cores as derived 
from DLS and/or TEM data (diameters are considered, i.e. regardless eccentric 
and/or concentric character of the shell).

Nanocomposites Polymer shell thickness Polymer shell thickness from DLS 
data (nm)

from TEM data (nm) 12 ◦C 32 ◦C

Au20PM 66 125 76
Au60PM 54 208 129
Au100PM 168 101 63
Au60PN 229 380 133
Au60PS 102 87

Note: The given polymer shell thicknesses are obtained by subtracting the gold 
core diameter (determined by DLS, Z average value as listed in Table SI-4) 
measured by DLS. Thus, only the polymeric shell diameter (2R in concentric 
shell cases) without any gold core is summarized here. Similarly for the thick
nesses derived from TEM data (summarized in Table SI-1).

Fig. 2. Fluorescence spectra of TMPyP (0.1 μM final concentration, labelled as 
TMPyP7) in deionized water and/or in Au60@polymer nanocomposites. Exci
tation 422 nm.
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of TMPyP can be excluded from considerations because its RRS spectral 
pattern looks differently (Figure SI-7D).

Generally, aggregate formation of molecules at NP surfaces can be 
envisaged in systems where the molecular concentration exceeds the 
monolayer surface-coverage concentration (MLSCC) calculated for a 
particular NP surface. Hence, we tried to estimate the MLSCC of TMPyP 
on each Au60@polymer nanocomposite, while considering the real 
hydrodynamic diameter of Au60@polymer nanocomposites and the real 
counts of AuNPs within each system (see Supporting Information sec
tions 10 and 11 for details). ICP-MS data determined the average content 
of Au (in μg/L) in each nanocomposite (Table SI-7). Consequently, 
theoretical calculations could be performed to estimate the MLSCC of 
TMPyP on Au60@polymer nanocomposites (Table SI-8). The measured 
final TMPyP concentration (1 μM) obviously does not exceed the MLSCC 
value of TMPyP on Au60PM and Au60PN at temperatures below VPTT 
(SERRS measured at 15 ◦C), whereas MLSCC of TMPyP is around this 
value on Au60PN at temperatures above VPTT (SERRS measured at 
32 ◦C) and exceeded on Au60PS. Therefore, it is surprising that J-ag
gregates of TMPyP can be formed in all three nanocomposites. Never
theless, the direct interaction between TMPyP and polymeric chains 

considered on the molecular level, similarly as in [12], may be respon
sible for the unique phenomenon of J-aggregates formation of TMPyP 
even though the MLSCC is not reached and overcome.

As a further proof of TMPyP aggregates formation induced by the 
presence of polymeric shell around the plasmonic core, RRS spectra of 
TMPyP (1 μM final concentration) on nonplasmonic SiO2@thermores
ponsive polymer nanocomposites (labelled as SST60PN-TMPyP6, 
SST100PN-TMPyP6, SST100PM-TMPyP6) were recorded under the 
same conditions as SERRS spectra of TMPyP on plasmonic Au60@pol
ymer nanocomposites (Figure SI-8). Obviously, the RRS/SERRS spectral 
form, characterized by 384 cm− 1 etc., is repeatedly encountered. It thus 
confirms the generation of TMPyP J-aggregates at polymeric shells 
composed of pNIPAM and pMEO2MA surrounding any core, non- 
plasmonic as well as plasmonic. Based on the particular characteristics 
(namely TEM images and zeta potential values) of the plasmonic 
Au60@polymer nanocomposites and considering the chemical compo
sition of polymeric shells (structures shown in Scheme 1), a mechanism 
of TMPyP aggregation can be envisaged as depicted in Scheme 2.

We assume that the main driving force for the cationic porphyrin 
interaction with plasmonic Au60@polymer nanocomposite surfaces 
(negatively charged) is a coulombic attraction. Furthermore, each 
cationic porphyrin has its hydration envelope moving together with the 
tetra-cation to the close vicinity of the negatively charged surface of 
core@shell nanocomposites. There, the amphiphilic character of the 
polymeric shells in the case of pNIPAM and pMEO2MA (as proven in 
[43,44], respectively), while negatively charged parts of the surface in 
Au60PS comes into the play and causes sticking of the tetra-cation with 
its hydration envelope onto the nanocomposite surface to a higher and/ 
or smaller degree according to the hydrophilicity of the particular 
polymer. It is known that pNIPAM segments are more hydrophobic than 
pMEO2MA segments [45]. It is also reasonable to assume that pSTYR
ENE is the most hydrophobic polymer from the three used in the present 
study, when taking into account the results of contact angle measure
ments done in ref. [46] for pSTYRENE and other polymers including 
poly(methyl methacrylate). Due to the negative charges at nano
composite surface (stemming from the citrate and its residues), the tetra- 
cation can be compensated enabling thus the interaction of another 
tetra-cation that is stuck into the polymeric shell in the same way as the 
former one. By this way, porphyrin molecules can aggregate step-by-step 
and create J-aggregates at the surface of core@polymeric shell nano
composites regardless the character of the core (either plasmonic, or 
non-plasmonic).

Furthermore, there is a question about the J-aggregates size (under 
the assumption that each aggregate is composed of countable TMPyP 
molecules) since it may vary from system to system as it can be deduced 
from UV–vis spectra already (i.e., different shifts of Soret band 
maximum: negligible in Au60PS-TMPyP and, on the contrary, the most 
pronounced in Au60PM-TMPyP). There may be trimers of TMPyP in 
Au60PS according to the approx. Trice abundance of TMPyP (i.e., the 
TMPyP concentration exceeding three times the calculated MLSCC 
value, Table SI-8). As for Au60PN-TMPyP6 and Au60PM-TMPyP6, the 
MLSCC value is not exceeded, but according to SERRS spectra, J-ag
gregates are formed even at low temperatures (15 ◦C), meaning that 
TMPyP is (pre)concentrated due to its interaction with pNIPAM and 
pMEO2MA polymeric shells most probably by the above suggested 
mechanism (Scheme 2). The process of J-aggregates formation is more 
pronounced in the latter case which is not surprising because of a sys
tematically more negative zeta potential values encountered for 
pMEO2MA polymeric shells on plasmonic as well as non-plasmonic 
core@shell nanocomposites (Table SI-2).

To validate the J-aggregates formation in TMPyP concentrations well 
below MLSCC, one order of magnitude lower TMPyP concentration (0.1 
μM) was also measured on the selected nanocomposite (Au60PM) - 
Figure SI-9. The same SERRS spectral features were detected (compare 
the spectrum in Figure SI-9 with that shown in Fig. 3A). This means, in 
turn, that J-aggregates are generated even though the final TMPyP 
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Fig. 3. (A) RRS spectrum of TMPyP6 (after water subtraction and baseline 
correction) and SERRS spectra of the AuNP@polymer-TMPyP6 systems (after 
appropriate background subtraction and baseline correction) as specified in 
insets (measurements at 15 ◦C). (B) SERRS spectra of selected systems recorded 
at 32 ◦C. Excitation laser line 532 nm in all cases.
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concentration is much lower than the estimated MLSCC value for TMPyP 
and Au60PM (4 μM at 12 ◦C and/or around 2 μM at 32 ◦C). Therefore, 
the direct intermolecular interaction of polymeric shell with TMPyP 
molecules is of the utmost importance and leads toward J-aggregation of 
cationic porphyrin molecules in the close vicinity of the nanocomposite 
surface. This may be envisaged as a completely new approach toward 
cationic porphyrins (representing a model adsorbate) detection at their 
low concentrations (therapeutically used values and even below to 
detect any residual molecules) due to their preconcentration which is 
achieved owing to the TMPyP interaction with polymeric shell (namely 
pMEO2MA). In general, it could potentially work for any other organic 
species (e.g., pollutants/drugs/biomolecules) if appropriate molecular 
interaction occurs between the organic species of interest and the 
polymeric shell of the nanocomposites.

By careful studying the available literature, H-aggregates of TMPyP 
have been detected on a polyanionic matrix of inorganic polyphosphate 
[12]. However, 10 or even 50 μM TMPyP final concentrations were 
employed in their case. Historically, there have been even concerns 
about the spontaneous aggregation of TMPyP molecules in aqueous 
solutions at low concentrations (0.1 μM) and discrepancy in threshold 
values of TMPyP aggregation concentration [27]. In ref. [27], the au
thors gave evidence that controversial results obtained by different au
thors could be explained by taking (i) the adsorption of TMPyP onto 
solid surfaces (e.g., walls of the quartz cuvette) or solid impurities 
(related to the quality of distilled water) and (ii) differences in experi
mental arrangements into account. It can be assumed that the polymeric 
surface of our nanocomposites represents the suitable solid surface, 
which supports TMPyP aggregation. Then, the extent of TMPyP 

aggregation is directed by the type of polymeric shell on the plasmonic 
Au core (as evidenced in Fig. 3). The order of polymeric shells used in 
this study and supporting TMPyP aggregation (preconcentration) can be 
arranged as it follows: pMEO2MA > pNIPAM > pSTYRENE. This order 
could be related to the degree of polymers hydrophobicity [45,46], 
increasing when going from pMEO2MA through pNIPAM to pSTYRENE.

Quantitatively, Raman signal intensity increases at least by one order 
of magnitude in Au60PN-TMPyP6 and Au60PM-TMPyP6 systems in 
comparison to RRS signal of TMPyP in deionized water (1 μM final 
TMPyP concentration in all systems measured at 15 ◦C) – Fig. 3A. It 
should be noted that the overall signal intensity of TMPyP at SiO2@
polymer nanocomposites (Figure SI-8 A-C) is roughly the same as that of 
TMPyP6 in pure water, meaning that no enhancement of RRS by non- 
plasmonic nanocomposite surfaces is observed. Therefore, despite the 
thickness of the polymeric shell around the plasmonic core in Au60PN 
and Au60PM being quite large (Table 2), there is still an enhancement 
coming most probably from SPE. When SERRS was measured at 32 ◦C 
(Fig. 3B), under otherwise identical experimental conditions, a further 
increase by roughly 1.7× and 1.5× (considering characteristic peak at 
1005 cm− 1) in Raman scattering signal of TMPyP on Au60PN and 
Au60PM is achieved, respectively. This can be explained by the thermo- 
sensitivity of pNIPAM and pMEO2MA polymeric shells; both polymers 
can decrease their thickness around the Au core by the temperature 
increase – Table 2, Table SI-3 and Figure SI-5. On the contrary, no RRS 
enhancement of TMPyP signal is observed in SiO2@polymer nano
composites while measuring at 32 ◦C (Figure SI-8D-F). This further 
corroborates the idea that plasmonic enhancement is observed in 
Au@thermoresponsive polymer core@shell nanocomposites, whereas 

Scheme 2. (A) Depiction of different types of Au@polymer nanocomposites taking into account their composition, zeta potential values, and polymeric shell ar
rangements as derived from experimental measurements. Negative charges stem from citrate and its residues. Cross-linking polymer is also schematically depicted. 
(B) Spontaneous J-aggregates formation of the tetra-cationic porphyrin at the surface of these Au@polymer nanocomposites.
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such an enhancement on SiO2@polymer nanocomposites is missing.
Moreover, because of a polymeric shell shrinkage at elevated tem

peratures (here at 32 ◦C), SPE maxima of Au60 nanocomposites are blue- 
shifted (as shown in [17]) which leads to a better resonance of 
Au60polymer-TMPyP6 systems with the excitation laser line employed 
for SERRS measurements (532 nm). Simultaneously, while polymeric 
shell thickness decreases, porphyrin molecules (adsorbate in general) 
can better “feel” the surface plasmon stemming from the metallic core of 
plasmonic NPs. Moreover, by increasing the temperature, mobility (e.g. 
Braunian motion) of TMPyP molecules increases as well, resulting thus 
in a higher degree of potential collisions of porphyrin molecules and 
their aggregation. Hence, while the polymer shell shrinkage, pre
concentration of TMPyP is even more pronounced. It can be considered 
as the second step of TMPyP aggregation induced by thermoresponsive 
shell around the plasmonic core – as schematically depicted in Scheme 
3.

All the above-mentioned reasons most probably support the 
increased signal intensity observed in SERRS spectra of TMPyP recorded 
at 32 ◦C on Au60PN and Au60PM nanocomposites in comparison to 
those recorded at 15 ◦C (compare the appropriate spectra in Fig. 3A and 
B). In other words, and to sum up, the Au60@polymer nanocomposites 
are active plasmonic substrates for SERRS detection of TMPyP J-aggre
gates at near physiological temperatures which is important when a 
therapeutically-active compound measured.

Generally, the long-term stability of Au nanocomposites can be 
assumed, especially when plasmonic Au core is embedded in a thick 
polymeric shell, which serves as a protecting envelope. However, once 
nanocomposites interact with an adsorbate, the situation can dramati
cally change; there can be dynamic processes of adaptation to different 
(new) environments. Therefore, it is important to investigate the ageing 
of Au60@polymer nanocomposite-TMPyP systems. Since SERRS spec
troscopy is more sensitive than the other spectroscopic techniques (e.g., 
UV–vis), we measured SERRS spectra of Au60@polymer 
nanocomposite-TMPyP systems after a month of ageing (samples stored 
under dark at room temperature) – Fig. 4; spectra were recorded under 
otherwise the same experimental conditions as those shown in Fig. 3 and 
can be thus mutually compared.

The characteristic peaks of SERRS spectral form III (J-aggregates of 
TMPyP) are more intensive after one-month ageing of Au60@polymer 
nanocomposite-TMPyP6 systems (particularly in the case of pMEO2MA 
and pNIPAM). SERRS data thus show that J-aggregates of TMPyP are 
further developed at the surface of Au60@polymer nanocomposites in 
the course of system ageing. To quantify it easily, we determined mutual 
intensity ratios of selected peaks (333, 385, and 1005 cm− 1) for freshly 
prepared and 1-month-aged systems, i.e., intensities of markers of J- 
aggregates vs. free base form of TMPyP - Fig. 5: I(385 cm− 1)/I(333 
cm− 1) and I(385 cm− 1)/I(1005 cm− 1). The former is the ratio of defor
mation vibrations of the porphyrin macrocycle and N-methylpyridinium 
group (located at 385 cm− 1 [40]) vs. deformation vibrations of 
porphyrin macrocycle (at 333 cm− 1 [40]). It thus reflects mostly 

changes in the deformation of the N-methylpyridinium group. The latter 
represents the ratio of deformation vs. symmetric stretching vibrations 
(at 1005 cm− 1 [40]) of porphyrin.

It is evident that in the freshly prepared systems (Fig. 5A), both in
tensity ratios follow the same trend when going from Au60PS-TMPyP6 
through Au60PN-TMPyP6 to Au60pPM-TMPyP6. On the contrary, in 
one-month-aged systems (Fig. 5B), the trends of intensity ratios split: it 
starts to be significant for the Au60PN-TMPyP6 case and is most pro
nounced for Au60PM-TMPyP6 (note: the scale of the y-axis is logarith
mic in Fig. 5). Based on these results, it can be deduced that J-aggregates 
formation of TMPyP is enabled and continues to the greatest extent in 
Au60PM-TMPyP6, followed by Au60PN-TMPyP6 system during their 
ageing. Thus, the kinetics of J-aggregates formation of TMPyP differs on 
the three polymeric shells under investigation. Moreover, the extent of 
the deformation of N-methylpyridinium group (which is the career of 
positive charge in the studied porphyrin) observed in systems aged for 1 
month can be arranged into the following order (starting from the most 
prominent one): Au60PM > Au20PM > Au100PM > Au60PN (Fig. 5B – 
note: logarithmic scale of intensity). It gives evidence about the dynamic 
rearrangement of this particular TMPyP part adapting to the hydrophilic 
segments within the polymer shell. This further supports the idea about 
the origin of TMPyP aggregation induced by direct molecular interaction 
with the polymeric shell of nanocomposites because all nanocomposites 
containing pMEO2MA shell are before the one consisting of pNIPAM in 
the above derived order.

Scheme 3. Depiction of the two-step TMPyP aggregation (i.e., J-aggregates formation). The first step is the spontaneous TMPyP aggregation induced by the 
polymeric shell (the mechanism suggested in Scheme 2); whereas the second step is caused by the thermal responsiveness of the polymeric shell.

Fig. 4. SERRS spectra of the AuNP@polymer-TMPyP6 systems (after appro
priate background subtraction and baseline correction) as specified in insets, 
after 1-month ageing, recorded at 32 ◦C, using a 532 nm excitation laser line.
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3.2. TMPyP interaction with AuNPs of different sizes embedded in 
pMEO2MA

As demonstrated in the previous section, J-aggregates formation of 
TMPyP reaches the highest degree on Au60PM nanocomposite. There
fore, we decided to investigate the influence of Au core size while using 
the same polymeric shell, pMEO2MA. Au core was thus prepared in sizes 
of approx.20 nm and 100 nm in diameter embedded in pMEO2MA, 
respectively. The results for Au20PM and Au100PM are listed in Table 1, 
Table 2, Table SI-1, Table SI-2, Table SI-3, Table SI-4, Table SI-5, 
Table SI-7 Table SI-8, and shown in Fig. 1, Fig. 5, Figures SI-1, SI-2, SI-5, 
for the sake of direct comparisons with the Au60PM nanocomposite.

Let’s start the discussion from UV–vis measurements again: Soret 
band is substantially red-shifted (by 6 and 10 nm) in Au@polymer 
nanocomposite-TMPyP6 systems, whereas the red-shift of the SPE band 
is negligible (more pronounced in Au100PM-TMPyP6 than in Au20PM- 
TMPyP6) – Table 1 and Figure SI-2. This corroborates TMPyP J-aggre
gates formation and corresponds to a thinner polymeric shell around the 
Au100 core (Table 2), respectively. Furthermore, the addition of TMPyP 
to AuNP@pMEO2MA core@shell nanocomposites leads to slight 

changes in zeta potential values (Table SI-2): they become less negative, 
thus decreasing in absolute values.

Interestingly, fluorescence spectra measured for the Au20PM- 
TMPyP7 and Au100PM-TMPyP7 systems (Fig. 6) manifested them
selves by two separated maxima located at 660 and 720 nm.

It is the same feature as observed in Au60PM-TMPyP7, however, in 
Au20PM-TMPyP7 and Au100PM-TMPyP7, fluorescence intensity is not 
quenched to such a large extent as in Au60PM-TMPyP7. Looking at 
Table 2, polymeric shell thicknesses (derived from hydrodynamic 
diameter measurements – Table SI-3) are of almost half values at 
Au20PM and Au100PM than in Au60PM; the smallest polymeric shell 
encountered in the largest Au core of this study (Au100). Since the 
polymeric shell is responsible for TMPyP J-aggregates formation in our 
systems, the thinner the polymeric shell, the lower degree of J-aggre
gates formation and, consequently, the lower TMPyP fluorescence 
quenching. Exactly the case observed and shown in Fig. 6: the lowest 
fluorescence quenching in Au100PM-TMPyP7, followed by Au20PM- 
TMPyP7.

To validate our hypothesis about the importance of direct molecular 
interactions while TMPyP J-aggregates formation (and consequent 
TMPyP fluorescence quenching observation), we measured fluorescence 
quenching of TMPyP on AuNPs with different ionic envelopes composed 
of low molecular weight species – Figure SI-10. The experiments 
(described in detail in Supporting Information) gave direct evidence that 
TMPyP fluorescence quenching is highly dependent on the character of 
molecules/ions at the surface of AuNPs, as well as, on the thickness of 
this envelope surrounding AuNPs as demonstrated in the example of 
citrate residues – Figure SI-10. However, it should be kept in mind that 
electrostatic forces dominate in the case of low-molecular-weight spe
cies mainly, while other types of noncovalent interactions and steric 
hindrance can compete in polymeric cases as well.

Last, but not least, SERRS spectra of Au100PM-TMPyP6 and 
Au20PM-TMPyP6 were measured (at two different temperatures, freshly 
prepared and/or one month aged) and are shown in Figure SI-11 in the 
direct comparison to Au60PM-TMPyP6. Consistently with fluorescence, 
more J-aggregates of TMPyP are generated in Au60PM-TMPyP6 than in 
the two other cases as demonstrated by increased intensity of J-aggre
gates SERRS spectral form (markers positioned at 385, 1015 and 1368 
cm− 1). Considering the excitation laser line applied in SERRS mea
surements (532 nm), a better resonance with SPE (Table 1) can be 
assumed in the Au20PM-TMPyP6 system than in the Au100PM-TMPyP6 
system (where rather a pre-resonance condition is achieved). On the 
other hand, Au100PM possesses the highest extinction molar coefficient 

Fig. 5. Mutual intensity ratios of selected SERRS peaks (333, 385, and 1005 
cm− 1) for (A) freshly prepared and (B) 1-month-aged Au60@polymer 
nanocomposite-TMPyP6 systems.

Fig. 6. Fluorescence spectra of Au20PM-TMPyP7 and Au100PM-TMPyP7 sys
tems. Excitation 422 nm.
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as calculated in Supporting Information (Table SI-9) based on ICP-MS 
and extinction experimental data. As a result of these two opposite 
trends, the intensity of SERRS signals in Au100PM-TMPyP6 and 
Au20PM-TMPyP6 systems resemble (Figure SI-11).

4. Conclusions

We achieved J-aggregates formation of a tetracationic porphyrin 
(TMPyP) in its low, therapeutically-relevant concentrations (0.1 and 1 
μM) which is unusual. Usually, TMPyP in such low concentrations is 
incapable of forming aggregates or dimers spontaneously due to the 
electrostatic repulsion of its positively charged molecules (tetra-cat
ions). However, if interacting with the surface of Au@selected polymer 
core@shell nanocomposites, TMPyP can be easily detected by SERRS 
signal in J-aggregates form although TMPyP concentration does not 
exceed the calculated monolayer TMPyP surface-coverage concentra
tion as demonstrated within this study. Mechanisms of TMPyP aggre
gation into J-aggregates induced by different polymeric shell types and 
morphologies of the plasmonic Au core@thermoresponsive polymer 
nanocomposites are suggested. Owing to the thermo-sensitivity of the 
polymeric shell surrounding the plasmonic Au core, the SERRS spec
troscopic signal of TMPyP J-aggregates even increased at temperatures 
above 30 ◦C. The whole procedure of two-step aggregation could be 
potentially exploited for the detection of cationic species of similar 
structure to TMPyP in living systems. Moreover, by prolonging the time 
of TMPyP and Au@smart polymer nanocomposites interaction, further 
augmentation of the SERRS signal of J-aggregates can be achieved. It 
should be pointed out that the Au@polymer nanocomposites with J- 
aggregates of TMPyP are stable over long periods (here demonstrated for 
1-month aged samples) and solely reversible nanocomposites aggrega
tion is observed due to the Au core steric protection by polymeric en
velope. This is unusual and beneficial simultaneously because many 
adsorbates are known to cause irreversible plasmonic nanoparticle ag
gregation. Further spectroscopic data (steady-state fluorescence and 
UV–vis absorption) supported the J-aggregates formation of TMPyP at 
the nanocomposite surface. Further experiments are envisaged where 
the parameters such as thickness and density of polymeric shells will be 
investigated in conjunction with the selected adsorbate aggregation. The 
concept of adsorbate aggregation (instead of plasmonic AuNPs aggre
gation) at the surface of the nanocomposites (selected polymer coated 
plasmonic AuNPs), i.e., the adsorbate concentrate formation, could be 
further exploited in biomedical, biological, material, and environmental 
research dealing with the sensitive and specific detection of low con
centrations of species (e.g., biologically active molecules, drugs, and/or 
pollutants of emerging concerns).
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Castillo, S.A. De La Llana, J.F. Huertas-Pérez, N. Guarrotxena, L.F. Capitán-Vallvey, 
I. Quijada-Garrido, Thermoresponsive gold polymer nanohybrids with a tunable 
cross-linked meo 2 ma polymer shell, Part. Part. Syst. Charact. 31 (2014) 
1183–1191, https://doi.org/10.1002/ppsc.201400078.
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