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A B S T R A C T   

In this study, detailed considerations of the interactions appearing at drug/metal nanoparticle interfaces in 
micro- and nanoscale were performed. Application of the well-known surface-enhanced Raman spectroscopy 
(SERS) reveals information of how gefitinib, a drug approved in non-small cell lung cancer therapy, connects to 
the silver and gold nanoparticles (AgNPs and AuNPs, respectively). Such knowledge is important in the context of 
using the resulting conjugates to increase the effectiveness of cancer therapy. The received data were extended 
by the nanoscale analysis using atomic force microscopy in combination with the surface-enhanced infrared 
spectroscopy (AFM-SEIRA) in tapping mode. This allows to better visualize the discussed interaction with ultra- 
high spatial resolution even reaching the size of the particular nanoparticle (~15 nm). It should be noted, that 
the metal nanoparticle mono-layer was enough to enhance the obtained AFM-SEIRA signal, which for the con
ventional surface-enhanced vibrational techniques would be unattainable. Moreover, since the surface 
enhancement phenomenon observed in the AFM-SEIRA technique is not fully understood the comparison be
tween this effect and the signal reinforcement in SERS was performed. The drawn conclusions suggest the 
complementarity of both applied techniques and try to prove the statement that the intensity AFM-SEIRA maps 
reveal the nature of the drug/metal nanostructure interaction.   

1. Introduction 

Nowadays, the development of advanced methods ensuring insights 
into the nanochemical properties and information of investigated spe
cies is highly desirable [1–4]. Such a scientific approach allows for 
exploring new materials or performing detailed characterization of well- 
known objects, which often leads to new groundbreaking conclusions 
[5–8]. This progression has been possible based on the near-field spec
troscopic methods which combine the atomic force microscopy (AFM) 
with infrared (IR) and Raman (RS) spectroscopies. However, the appli
cation of such methods as IR scattering scanning nearfield optical mi
croscopy (IR-sSNOM) [9,10] and tip-enhanced Raman spectroscopy 
(TERS) [11,12] requires appropriate experience and focusing on the 
critical paths during the experiments. One of the main issues is associ
ated with the specially prepared probes which determine the signal 
enhancement, contrast of the obtained results, and tip-sample 

interaction [13,14]. The latter is especially important for the repro
ducibility of the results [14–16]. Therefore, optimization of the exper
iment at every stage is crucial and requires a good understanding of the 
phenomena that govern signal detection for the particular near-field 
methods. 

In light of the foregoing considerations, the AFM-IR technique which 
combines atomic force microscopy (AFM) with IR spectroscopy appears 
to be a more sufficient tool for imaging and chemical characterization 
for various types of samples providing more repeatable data 
[5,6,17–24]. Based on the thermal expansion phenomenon induced by 
the molecular absorption of the IR radiation this technique uses an AFM 
probe as a signal detector and thus allows to circumvent the diffraction 
limit. Therefore, the spatial resolution for this technique is limited only 
by the tip radius what is practically below 20 nm [25]. The relevance of 
the AFM-IR technique relies in the assumption that the absorption co
efficient of the sample is directly proportional to the thermal expansion 
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appearing within this sample [1,26]. Consequently, the recorded signal 
correlates very well with the one obtained using conventional far-field 
IR spectroscopy. The ultra-high-resolution together with the not-so- 
complex phenomenon which does not require long-term optimization 
of the measurement gives the possibility of the AFM-IR technique 
becoming an excellent tool for routine analytical studies. 

Since the surface enhancement effect occurring in the surface- 
enhanced infrared absorption spectroscopy (SEIRA) also has been 
proved for AFM-IR, this technique has been successfully used for the 
interpretation of how the molecules adsorb on the metal layers giving 
sub-molecular information about the interaction at the molecule/metal 
interface [24,27,28]. Previously, we presented the AFM-IR in
vestigations of erlotinib (a drug approved in non-small cell lung cancer 
therapy) immobilized on mono-layers of the 15 nm silver and gold 
nanoparticles (AgNPs and AuNPs, respectively) [29]. Application of the 
surface selection rules typical for the SEIRA technique [30–32] gave an 
insight into the induced connection between the drug and the metal 
mono-layer at the single nanoparticle resolution level. It should be noted 
that the characterization of erlotinib-loaded nanoparticle systems ob
tained using AFM-IR corresponds very well with this received from the 
surface-enhanced Raman spectroscopy (SERS) technique [28,33,34]. 
Additionally, for the first time we have shown the unique visualization 
of the spectral signal of the drug on the metal mono-layer using the 
tapping AFM-IR technique [29]. As it was mentioned above, the surface 
enhancement effect applied for the extreme signal amplification in 
SEIRA is also observed for the AFM-IR technique. Such enhancement is 
associated with the localized plasmon resonance of metal nanostructures 
induced by incoming radiation. This resonance generates a huge local 
electromagnetic field which is much stronger than the energy from the 
incident photons [35,36]. As a consequence, characteristic areas on the 
metal with enormous enhanced optical fields called “hot spots” [37–39] 
appear. The localization of those regions is strongly related to the 
structure and morphology of the metal. Considering the spherical 
nanoparticles (NPs), which are commonly known as active substrates for 
the SEIRA and SERS techniques, the reinforced electromagnetic field 
occurs between the particular spheres [40]. One of the conditions that 
must be satisfied is an appropriate relatively small distance between the 
nanospheres of the created mono-layer (less than twice the nanoparticle 
diameter for SERS and less than 5 nm for SEIRA) [41,42]. Based on this, 
the tapping AFM-IR maps for a molecule immobilized on the metal 
surface should be characteristic of the distribution of its spectral signal 
related to the areas with the strongest electromagnetic field enhance
ment namely “hot spots”. However, the recorded data for erlotinib 
deposited on the AgNP and AuNP mono-layers, respectively, indicate 
ambiguous results [29]. The image of the signal distribution on the 
AgNP mono-layer corresponds very well with the “hot spot” theory that 
is the most intense signal that appears between particular nanospheres 
on the considered mono-layer. However, the signal repartition for the 
AuNP mono-layer was not so homogenous and some strong enhance
ment are also present on top of NPs. These noticed discrepancies prompt 
us to extend our research to better understand the surface enhancement 
effect and its contribution to the AFM-IR spectra and maps for molecules 
deposited on the metal NP mono-layers. 

The main goal of this study was to characterize how gefitinib (see 
Fig. 1 for the molecular structure), a drug approved in the targeted 
therapy for non-small cell lung cancer, adsorbs on the AgNP and AuNP 
mono-layers, respectively using the tapping AFM-IR technique. 

Alone the gefitinib should be used at high dose to obtain an effective 
therapeutic response. As a consequence, several side effects are observed 
for this treatment such as nausea, vomiting, rash, diarrhea, and in spo
radic cases progression of interstitial lung disease. The improvement of 
the drug delivery and bioavailability within the organ is essential [43]. 
The introduction of the stable drug/nanocarrier systems into cancer 
therapy might improve this bioavailability and decrease the drug con
centration necessary for the better treatment response. To increase the 
bioavailability of the drug, our strategy is to associate it with biocom
patible metal NPs. The elucidation of how gefitinib connects to those 
metal NPs and deep analysis of the gefitinib/nanoparticle conjugates is 
especially important in relation to the development of an effective drug 
delivery system. 

We propose to use the AFM-IR technique for the visualization of how 
gefitinib adsorbs on the two different types of metal mono-layers. We 
expect it will allow a deep investigation of the surface phenomenon 
appearing during the signal reinforcement obtained from the application 
of the metal mono-layer. Additionally, as the surface enhancement effect 
in photothermal technique, AFM-IR, is not fully understood, this issue 
has also been considered. Furthermore, to verify the gefitinib interaction 
with the metal NPs and the interpretation of the enhancement obtained 
with the AFM-IR system, the same gefitinib/NPs systems was also 
explored by SERS. To the best of our knowledge, such consideration has 
not been reported. 

2. Experimental 

2.1. Materials 

Silver nitrate, tetrachloroauricacid acid, trisodium citrate dihydrate, 
sodium borohydride, sodium chloride, sodium hydroxide, and hydro
chloric acid used in the experiments were commercial products of Sigma 
Aldrich. These chemicals were used without further purification. Ul
trapure water (Milli-Q water) applied for the preparation of aqueous 
solutions was obtained with the use of a Milli-Q Elix& Simplicity 185 
purification system (Millipore SA, Molsheim, France). 

2.2. Plasmonic nanoparticle preparation 

Citrate-stabilized AgNPs were prepared according to the modified 
Lee and Meisel procedure (Lee and Meisel) [44]. Briefly, 15 mg sodium 
borohydride was dissolved in 500 mL of 45 mM aqueous solution of 
trisodium citrate. Then, under ambient conditions and vigorous stirring 
(170 rpm) 250 mL of 1 mM silver nitrate was added dropwise (12.5 mL/ 
min) into the previously prepared reduction mixture. After, the end of 
the addition of silver nitrate, the mixing of newly formed AgNP sus
pension was proceed for 1 h. 

Citrate-stabilized AuNPs were synthesized based on the protocols 
developed by Turkevic [45,46] and Frens [47]. For this purpose, 250 mL 
of 1.5 mM hydrogen tetrachloroaurate aqueous solution was heated up 
to 90 ◦C under a reflux condenser. Then, 15 mL of 45 mM trisodium 
citrate aqueous solution was introduced dropwise (1.5 mL/min) to the 
gold precursor. The reaction mixture was maintained under heating and 
vigorous mixing (170 rpm) for 30 min. Then, the prepared AuNP sus
pension was cooled down on the ice bath to room temperature. Both 
suspensions were purified from the excess of stabilizing agent molecules 
and other electrolytes used during the preparation procedures. The 
purification procedure was carried out in an Amicone Filtration cell 
(model 8400) using membranes made of regenerated cellulose. The 
suspensions were washed with Milli-Q water until the conductivity of 
the effluents attained the value of 20 μS/cm. It was established that after 
the purification process pH of the suspensions varied between 5.8 and Fig. 1. Molecular structure of gefitinib.  
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6.4. 
The mass concentration of NPs in the purified suspensions was 

determined based on the density measurements of suspensions and ef
fluents collected during the washing procedure. Knowing these values, 
the specific density of silver (10.49 g cm− 3) and gold (19.3 g cm− 3) as 
well as applying the protocol described previously [48], it was found 
that the concentration of AgNPs and AuNPs was equal to 124 mg/L and 
138 mg/L, respectively. The optical properties of AgNPs and AuNPs 
dispersed in the suspensions of controlled pH, ionic strength, and tem
perature were investigated using a UV-2600 spectrometer (Shimadzu, 
Kyoto, Japan). It was established that the maximum adsorption band of 
AgNPs appears at a wavelength of 396 nm whereas for the AuNPs it was 
detected at 521 nm (Supplementary material, Fig. S1). The morphology, 
size distribution, and average size of both types of plasmonic NPs were 
determined using micrographs recorded using an JEOL JSM-7500F 
electron microscope working in the transmission mode (TEM). The 
analysis of TEM micrographs with the use of MultiScan software 
(Computer scanning system) enables to establish that the NPs exhibited 
quasi-spherical shape and a rather narrow size distribution (Supple
mentary material, Fig. S2). The average size of AgNPs and AuNPs was 
equal to 12±3 nm and 13±2 nm, respectively. 

The stability of AgNPs and AuNPs dispersed in the suspensions of 
controlled pH, ionic strength, and temperature was evaluated using a 
Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK). The 
dynamic light scattering (DLS) measurements deliver the information 
about the diffusion coefficients (hydrodynamic diameter) of NPs 
whereas the electrophoretic light scattering (ELS) investigations enable 
to establish the values of electrophoretic mobility (zeta potential) of 
AgNPs and AuNPs. It was found that both types of NPs were negatively 
charged in a broad range of pH and ionic strength (Supplementary 
material, Fig. S3). The zeta potential of AgNPs and AuNPs dispersed in 
the stock suspension was equal to − 67±1 mV and − 65±2 mV, respec
tively. Additionally, it was observed that the zeta potential of NPs was 
strongly dependent on pH and ionic strength. The decrease of pH and an 
increase of ionic strength caused the decrease of nanoparticle zeta po
tential (Supplementary material, Fig. S3). The selected physicochemical 
properties of AgNPs and AuNPs are provided in Table S1 (Supplemen
tary material). 

2.3. Preparation of AgNP and AuNP monolayers on CaF2 windows 

The nanoparticle monolayers of well-controlled coverage and 
structure were prepared according to the protocol described previously 
[29]. Briefly, cleaned CaF2 windows were immersed in an aqueous so
lution of poly(allylamine hydrochloride) (PAH) of concentration equal 
to 20 mg/L, ionic strength 0.01 M (regulated by the addition of NaCl) 
and pH of 5.6. The electrostatically-driven adsorption process of this 
cationic polyelectrolyte on the surfaces of CaF2 windows was conducted 
over 20 min which allowed obtaining a positively charged saturated 
layer of PAH molecules [49]. After the formation of the supporting layer, 
the PAH-modified CaF2 windows were rinsed with Milli-Q water in order 
to wash unbounded molecules. After the purification positively charged 
CaF2 windows were inserted into the stock suspension of AgNPs or 
AuNPs of ionic strength 0.01 M regulated by the addition of sodium 
chloride. The diffusion-controlled deposition process of these plasmonic 
NPs on PAH-modified CaF2 windows was carried out over 5 h. Then, the 
samples were gently rinsed with Milli-Q water to remove unbound NPs 
and excess sodium chloride. Such prepared AgNP and AuNP mono- 
layers were air-dried. The Scheme S1 (Supplementary material) illus
trates the various stages of the metal mono-layer preparation. Selected 
samples were investigated using an JEOL JSM-7500F electron micro
scope working in the scanning mode (SEM) in order to establish the 
coverage and structure of formed monolayers. Typically recorded SEM 
micrographs were presented in the Supplementary material (Fig. S4). 

2.4. Sample preparation 

The studied drug, gefitinib (N-(3-chloro-4-fluoro-phenyl)-7- 
methoxy-. 

6-(3-morpholin-4-ylpropoxy)quinazolin-4-amine; purity 99.75 %), 
was purchased from Selleckchem company and used without any puri
fication. The drug powder was dissolved in deionized water and the final 
concentration of the solution was 10-3 M. For the SERS experiments, 33 
μL of the gefitinib solution was mixed with the 33 μL of the stock sus
pensions of AgNPs (124 mg/L, pH 6.5) and AuNPs (138 mg/L, pH 5.8) 
respectively. No additional reagents were added. For the AFM-IR mea
surements, the same procedure as published before was applied [29]. 
Briefly, a drop of the drug solution at a concentration of 10− 3 M was 
deposited on the CaF2 window and the appropriate metal mono-layers, 
respectively, and left to dry. Such an approach gives the possibility to 
compare the AFM-IR spectra for non-adsorbed and adsorbed gefitinib 
molecules, thus eliminating an influence of the sample preparation on 
the obtained results. 

2.5. SERS measurements 

The SERS spectra for the gefitinib/AgNP and gefitinib/AuNP systems 
were collected using inVia Renishaw spectrometer combined with a 
thermoelectrically cooled CCD detector and a Leica confocal microscope 
with the 20x magnification objective. As excitation sources, the laser 
lines at 532.0 nm and 632.8 nm, were applied respectively. The appli
cation of the two separate laser wavelengths was crucial for optimal 
signal enhancement since AgNPs and AuNPs possess resonance fre
quencies in different ranges. For both cases, the three spectra (1 scan 
with an integration time of 30 s) were recorded in the spectral range of 
1800 cm− 1 – 400 cm− 1. The reproducibility of the spectra was confirmed 
in 3 different regions of the gefitinib/AgNPs and gefitinib/AuNPs, 
respectively. No changes in the relative intensities of the particular 
bands in the SERS spectra of the adequate systems were noticed. The 
decomposition of the sample was no visible in any cases. The corre
sponding Raman spectra for non-adsorbed gefitinib molecules were 
recorded using the experimental parameters as it was used for the cor
responding SERS experiments. 

2.6. Tapping AFM-IR spectroscopy measurements 

The AFM-IR spectra and maps were collected through a NanoIR2 
Anasys Instrument coupled with a multichip tunable quantum cascade 
laser (QCL; MIRcat-QT Daylight Solutions) used as an infrared source. 
The data were recorded in the tapping mode using commercially 
available silicon gold-coated tips (70 nm thick gold coating, 225 μm 
nominal length, and 28 μm nominal width) with a resonance frequency 
of 75 kHz and force constant of 3 N/m. The 5 % of the average QCL laser 
power (0.5 W) with a pulse length of 260 ns was applied. The presented 
range was 1700 cm− 1 – 1350 cm− 1 with 1 cm− 1 spectral resolution. For 
increasing the signal-to-noise ratio (SNR) at each measured point, 3 
spectra were averaged. The AFM-IR maps were obtained at a scan rate of 
0.5 Hz with the tapping mode setpoint and drive strength set to 5.48 V 
and 30 %, respectively. The number points per line was 500. To monitor 
the sample conditions during the measurements, the AFM topography 
was collected after obtaining each series of the spectra. Moreover, the 
AFM-IR maps were recorded simultaneously with the topography. These 
approaches allowed us to confirm that upon experimental conditions no 
thermal damages of the samples occurred. 

2.7. Data processing 

The AFM-IR and AFM-SEIRA results together with the 2D intensity 
maps were processed with Analysis Studio version 3.14 software. The 3D 
intensity map was generated utilizing Mountainsmap 7.3 software 
(Digital Surf, France). To process and visualize the vibrational spectra 
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the Omnic 32 software was applied. The spectra were smoothed using 
the Savitzky-Golay filter (3rd-order polynomial and 5 data points). 
Additionally, multipoint baseline correction (5 points) was performed 
before normalization. Finally, the min–max normalization was used 
before the data interpretation. 

3. Results and discussion 

3.1. SERS investigations 

Fig. 2 represents RS and SERS spectra of gefitinib immobilized on the 
AgNP and AuNP systems recorded using 532.0 nm (A, C) and 632.8 nm 
(B, D) laser lines, respectively. As it was mentioned in the Introduction 
part, the application of the two separate laser excitations was necessary 
for obtaining maximum signal reinforcement. This is associated with the 
different positions of the resonance band for AgNPs and AuNPs (please 
see Fig. S1, Supplementary material) what determines the amount of the 
surface enhancement [33,50]. The band assignments for the character
istic RS and SERS bands of gefitinib are provided in Table 1. The 
vibrational band interpretations are based on the conventional and 
surface-enhanced vibrational spectra of gefitinib [51], aniline [52], 
morpholine [53,54], fluoro derivatives of phenyl rings [55,56], and also 
quinazoline derivatives such as erlotinib [28,29,33,34,57,58]. Com
parison between the SERS and the corresponding RS data shows un
equivocally the dominance of the quinazoline moiety in the interaction 
of the investigated drug with both the AgNP and AuNP surfaces. This is 
manifested by the strong intensity SERS bands that appear at 1609 cm− 1, 
1476 cm− 1, 1403 cm− 1, 1360 cm− 1, 1304 cm− 1, 828 cm− 1, 692 cm− 1 

and 1606 cm− 1, 1470 cm− 1, 1399 cm− 1, 1361 cm− 1, 1298 cm− 1, 829 
cm− 1, 690 cm− 1 for AgNPs and AuNPs, respectively. These bands are 
attributed to the ν(CC)Q, ν(CC)Q/ν(CN)Q, ν(C––N)Q, ν(CNC)Q, ν(CN)Q/ 
ν(CC)Q, δoop(Q), νi.p.(Q), accordingly. Based on the surface selection 
rules established for the SERS technique, it is possible to elucidate how 

molecules orient on the metal surfaces. Observation of the particular 
SERS bands properties in relation to the conventional Raman spectral 
features, namely the relative intensities, the position of bands, and 
bandwidth changes indicate the spatial orientation of the functional 
groups which take part in the molecule/metal interaction. These dif
ferences originate from the interaction between the molecule and the 
metal and variations of the electric field components (tangential and 
normal) at the surface. Briefly, in the surface-enhanced spectra, the 
domination of the vibrations with polarizability derivative components 
normal to the roughened metal surface is distinguished [59,60]. 
Therefore, the bonds oriented perpendicular to the metal surface should 
be visible as the most intense bands in the surface-enhanced spectrum. 
The strong intensity of the characteristic quinazoline bands in the SERS 
spectrum indicates that gefitinib adsorbs of both types of metal surfaces 
through this moiety. This statement is also confirmed by the significant 
differences in the position (Δν) and bandwidth (ΔFWHM; Full Width at 
High Maximum) of the particular bands, namely Δν = 6 cm− 1 and 7 
cm− 1, ΔFWHM = 11 cm− 1 and 8 cm− 1 of the ν(C––N)Q modes, Δν = 1 
cm− 1 and 8 cm− 1, ΔFWHM = 3 cm− 1 and 8 cm− 1 of the ν(CNC)Q modes, 
Δν = 4 cm− 1 and 6 cm− 1, ΔFWHM = 5 cm− 1 and 4 cm− 1 of the (CN)Q/ 
ν(CC)Q modes, Δν = 3 cm− 1, and 1 cm− 1, ΔFWHM = 2 cm− 1 and 2 cm− 1 of 
the νi.p.(Q) modes for the AgNPs and AuNPs, respectively. Due to the fact 
that, the most visible spectral properties change the bands from the 
C––N vibrations, this bond mainly interacts with the AgNPs and AuNPs. 
Additionally, in the SERS spectra, the signal enhancement of the bands 
attributed to the in-plane vibrations (δi.p.(Q)) and weakening of the in
tensity of the bands due to the out-of-plane modes ((δi.p.(Q)) in com
parison to the corresponding RS spectra is observed. Based on the 
discussed above surface selection rules, these spectral patterns prove the 
vertical orientation of the quinazoline on both metal surfaces. Such 
orientation enables the strong C––N/AgNPs and C––N/AuNPs connec
tion discussed above. The adsorption geometry of the quinazoline 
moiety of gefitinib immobilized on the AgNPs and AuNPs does not 
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Fig. 2. Raman spectra of non-adsorbed gefitinib recorded using 532.0 nm (A) and 632.8 nm (B) laser lines together with the SERS spectra for this drug immobilized 
on the AgNP (C) and AuNP (D) surfaces in the spectral range of 1800– 400 cm− 1. The most important bands have been marked by arrows. 
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correspond with this observed for erlotinib (another quinazoline deriv
ative; drug applied in the targeted therapy for non-small cell lung can
cer) [28,33]. Briefly, erlotinib adsorbs on the AgNPs mainly through the 
phenylacetylene ring, the amino and the methoxy groups. While the 
quinazoline moiety indicates rather weak interaction with these NPs. 
For the erlotinib/AuNPs connections, the phenylacetylene ring and 
quinazoline moiety play the main role. Although for both gefitinib and 
erlotinib quinazoline moiety interacts with these metal NPs through the 
N––C bond, this interaction is definitely stronger for the former than for 
the latter drug. 

The spectral pattern illustrated in the SERS spectra of gefitinib 
immobilized on the AgNPs and AuNPs (see Fig. 2, respectively), in
dicates the crucial participation of another functional group in the drug/ 
metal NPs interactions. The bands occurring at 1389 cm− 1, 1203 cm− 1, 
1054 cm− 1, 1036 cm− 1, 1019 cm− 1, 915 cm− 1, 865 cm− 1, 710 cm− 1 and 
1383 cm− 1, 1204 cm− 1, 1052 cm− 1, 1031 cm− 1, 1021 cm− 1, 913 cm− 1, 
862 cm− 1, 708 cm− 1 in the SERS spectra of AgNPs and AuNPs, respec
tively, are characteristic for the morpholine vibrations. More specif
ically, they result from the ρw(CH2), ρt(CH2)non-synchronous, ρr(CH2)non- 

synchronous, νi.p.(CC), νi.p.(CC), νi.p.(CN)/(CO), νi.p.(CN)/(CO), νi.p.(CNC) 
motions, accordingly (see Table 1). The literature data reports that the 
morpholine adsorption on the AuNPs is associated with its concentration 
[54]. The high concentration of morpholine favors vertical orientation 
on the metal surface and strong interaction through the N atom. 
Together with the dilution, the horizontal adsorption is suggested. In the 

case of gefitinib, the N atom of the morpholine moiety is substituted by 
the methylene bridge which may prevent its strong interaction with the 
metal NPs (see Fig. 1 for molecular structure). Thus, the morpholine/ 
AgNPs and morpholine/AuNPs connections through the O atom or CH2 
groups are expected. Indeed, the strong enhancement of the mentioned 
above bands at 1389 cm− 1 and 1383 cm− 1, in the SERS spectra on AgNPs 
and AuNPs, respectively, are attributed to the wagging vibrations of the 
CH2 group linked to the O atom in the morpholine molecular structure. 
Moreover, the intensification of the SERS bands at 1304 cm− 1 and 1298 
cm− 1 assigned to the stretching vibrations of the C–N and C–C of 
quinazoline may suggest the participation of the morpholine moiety 
vibrations to these bands as well. The twisting motions of the CH2 group 
situated to the O atom can contribute to the observed strong intensity of 
the above-mentioned bands. The reinforcement of these bands is quite 
spectacular since they indicate very weak intensity in the corresponding 
RS spectra (see Fig. 2). The discussed spectral pattern, which shows the 
enhancement of the in-plane bands of morpholine, implies its vertical 
orientation on the applied metal NPs. However, the stronger interaction 
between this functional group and the AuNPs than for the AgNPs is 
assumed. This statement is supported by the observed significant shift 
and broadening of the characteristic morpholine SERS bands of gefitinib 
adsorbed on the AuNPs in comparison with the corresponding RS 
spectral features (i.e. Δν = 9 cm− 1, ΔFWHM = 8 cm− 1 for the band at 1383 
cm− 1, Δν = 6 cm− 1, ΔFWHM = 4 cm− 1 for the band at 1298 cm− 1). For 
gefitinib/AgNPs these changes in relation to the corresponding RS 

Table 1 
The band assignments together with the wavenumbers (ν) and full width at half maximum (FWHM) for the significant RS bands of gefitinib non-adsorbed recorded 
using 532.0 nm and 632.8 nm laser lines, respectively, and for the SERS bands of this drug after its adsorption on the AgNP and AuNP surfaces.28,29,33,34,51-58.  

Band assignmentsa Gefitinib Gefitinib-AgNPs Gefitinib-AuNPs 

532.0 nm FWHM 
[cm− 1] 

632.8 nm FWHM 
[cm− 1] 

SERS FWHM 
[cm− 1] 

SERS FWHM 
[cm− 1] 

ν(CC)ϕ, ν(CN), ρb(NH) 1612 17 1609 22 1609 16 1606 16 
ν(CC)Q 1593 15       
ν(CC)Phe 1576 10 1580 25 1580 23 1576 21 
ν(Phe), ρb(NH), δi.p.(NH), ν(Q) 1532 10 1529 16 1532 18 1527 17 
ν(Phe), ν(CN), ρw(OCH3) 1512 10 1508 15 1513 16 1509 15 
ρs(CH2)OCH2, ρs(CH2)CH3     1502 10 1498 11 
ν(CC)Q, ν(CN)Q 1474 25 1472 7 1476 10 1470 12 
ν(CF)ϕ 1432 16 1429 13 1434 20 1426 15 
ν(C––N)Q, ν(CC)Q, ρb(CH)Q, ρb(NH), ν(Q), δi.p.(NH), δi.p.(CH) 1409 14 1406 15 1403 25 1399 23 
ρw(CH2)Mo, ν(C––N)Q 1393 15 1392 12 1389 20 1383 20 
ν(CNC)Q 1361 13 1367 8 1360 19 1361 16 
ρb(NH)   1355 8     
ρw(CH2) 1341 12 1338 12 1347 16 1341 13 
ν(CN)Q, ν(CC)Q, ρt(CH2)Mo 1300 12 1304 14 1304 17 1298 18 
ρt(CH)Mo, ν(CN) 1289 17 1288 12     
ν(CN)/ν(CN)Q 1266 15 1264 8 1272 30 1261 20 
ν(CN), ρb(NH) 1252 11 1249 14     
ν(CO)OCH2   1241 16 1238 10 1237 6 
ρt(CH2)non-synchronous;Mo, ρb(CH), ν(Phe), ρt(CH2), ν(CH)   1210 15 1203 23 1204 19 
ρt(CH2)Mo, δi.p.(CH)   1191 12     
νas(OCH3), ν(quinazoline), ν(CN)Mo   1160 9 1154 15 1150 15 
ρr(CH2)non-synchronous;Mo 1059 13 1055 10 1054 10 1052 13 
νi.p.(CC)Mo 1034 4 1028 6 1036 18 1031 8 
δi.p.(Phe), νi.p.(CC)Mo 1011 12 1009 15 1019 8 1021 8 
δ(ϕ)Phe, δ(Phe)       998 11 
νi.p.(CN)Mo, νi.p.(CO)Mo     915 18 913 14 
νi.p.(CN)Mo, νi.p.(CO)Mo 868 9   865 13 862 18 
ν(CC)Mo, ν(CO)Mo 849 14   843 15   
δoop(Q), (in-plane ring breathing)Mo     828 10 829 18 
ν(Phe), ν(Q) 781 14 778 10 780 14 777 16 
ρboop(CH)Phe 762 11 760 17 763 16 764 18 
νi.p.(CNC)Mo 706 9   710 10 708 7 
νi.p.(Q) 689 17 689 13 692 19 690 15 
δoop(NH) 658 13 654 11 663 9 657 15 
ρboop(CH2)Phe 524 19 519 15 520 15 519 20 
ρb(CNC)Mo, ρb(COC)Mo, δoop(NH)   453 17     
ρb(CNC)Mo, ρb(COC)Mo 444 15 441 9   443 12 

aAbbreviations: ν, stretching; ρb, bending; ρw, wagging; ρs, scissoring; ρr, rocking; δ, deformation; as, antisymmetric; oop, out-of-plane; i.p., in-plane; Phe, phenyl ring; 
Q, quinazoline group; Mo, morpholine 

N. Piergies et al.                                                                                                                                                                                                                                 



Applied Surface Science 609 (2023) 155217

6

spectral features seems not to be so spectacular, namely Δν = 9 cm− 1, 
ΔFWHM = 5 cm− 1 and Δν = 4 cm− 1, ΔFWHM = 5 cm− 1, respectively 
(please see Table 1). Additionally, the medium intensity band at 828 
cm− 1 appearing in the considered gefitinib/AuNPs SERS spectrum may 
be assigned to the stretching vibrations of the CO bond [νi.p.(CO)] what 
indicates the participation of the O atom in the discussed interaction. It 
should be noted that this band is only negligible enhanced in the gefi
tinib/AgNPs SERS spectrum (please see Fig. 2). 

The participation of the methoxy moiety of gefitinib in the AgNPs 
and AuNPs interactions is also noteworthy. The bands appearing at 
1513 cm− 1 and 1509 cm− 1, 1154 cm− 1 and 1150 cm− 1 in the SERS 
spectra, respectively, represent ρw(OCH3) and νas(OCH3) motions. The 
strong enhancement, broadening, and position shift are noticed for the 
SERS bands resulting from the latter vibrations, namely these which 
represent asymmetric stretching modes of the methoxy group 
[νas(OCH3); Δν = 10 cm− 1 and ΔFWHM = 6 cm− 1, please see Table 1]. 
This spectral pattern is well observable for the gefitinib/AgNPs and 
gefitinib/AuNPs spectra. At the same time, the intensity of the bands at 
1513 cm− 1 and 1509 cm− 1 decreases in the SERS spectra of gefitinib 
immobilized on the AgNPs and AuNPs, accordingly, in comparison with 
the corresponding RS bands. However, taking into account the nature of 
the considered vibrations, it should be noted that the perpendicular 
orientation of the methoxy moiety on the AgNP and AuNP surfaces could 
be responsible for such spectral phenomena. 

In the discussed SERS spectra also bands involved in the vibrations 
attributed to the amino group and propoxy moiety occur. These bands 
are visible at 1532 cm− 1, 1347 cm− 1, 1238 cm− 1, and 1527 cm− 1, 1341 
cm− 1, 1237 cm− 1 for the gefitinib/AgNPs and gefitinib/AuNPs conju
gates, respectively. Assignments of these spectral features are as follows 
ρb(NH), ρw(CH2), and ν(CO)OCH2, accordingly. The detected weak 

intensity of them in comparison with the corresponding RS bands sug
gests that the above-mentioned moieties do not participate strongly in 
the drug/metal NPs interaction. However, both are situated at a certain 
distance from the surfaces. Similar conclusions can be drawn after the 
analysis of the characteristic SERS band of the 3-chloro-4-fluorophenyl. 
Its spectral features appear at 1434 cm− 1 [ν(CF)], 763 cm− 1 [ρboop(CH)], 
520 cm− 1 [ρboop(CH)], and 1426 cm− 1 [ν(CF)], 764 cm− 1 [ρboop(CH)], 
519 cm− 1 [ρboop(CH)] in the SERS spectra of AgNPs and AuNPs, 
respectively. The relatively weak enhancement of the listed bands in 
comparison to these observed in the corresponding RS spectra also 
implied that the 3-chloro-4-fluorophenyl rather does not play a signifi
cant role in the regarded drug/metal NPs interaction. Nevertheless, the 
noticed out-of-plane bands of this aromatic moiety, which are the 
slightly higher intensity for gefitinib/AuNPs than for the gefitinib/ 
AgNPs, indicates tilted orientation. This spectral pattern can be 
explained in two ways. Firstly, the angle between the 3-chloro-4-fluoro
phenyl and the metal surface is lower for the AuNPs than for the AgNPs. 
Secondly, the distance at which the aromatic ring is situated from the 
metal is longer for the AgNPs than for the AuNPs. However, the stronger 
intensity of the bands due to the stretching vibrations of the CF bond 
visible in the SERS spectrum of gefitinib/AgNPs than for the gefitinib/ 
AuNPs supports the first discussed explanation. Namely, the higher 
angle between the aromatic moiety and the AgNPs provides closer 
contact with the CF bond and the metal NPs than it could be possible in 
the case of a more horizontal orientation. 

3.2. Tapping AFM-IR investigations 

The drawn adsorption geometry of gefitinib on the AgNPs and AuNPs 
using the SERS technique was compared with the information obtained 
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Fig. 3. AFM-IR spectrum of non-adsorbed gefitinib (A) together with the AFM-SEIRA spectra for this drug immobilized on the AgNP (B) and AuNP (C) monolayers in 
the spectral range of 1375– 1700 cm− 1 together with the performed curve fitting; red solid lines illustrate the composite result spectra, while black, grey, and 
yellowish-brown solid lines represent the appropriate original spectra. 
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employing AFM-IR. Fig. 3 illustrates the AFM-IR data for non-adsorbed 
gefitinib and after its adsorption on the AgNP and AuNP mono-layers, 
respectively. Similar to the SERS spectra, the most intense bands in 
the surface-enhanced AFM-IR (AFM-SEIRA) results belong to the qui
nazoline moiety (please see Fig. 3). These spectral features, assigned to 
the ν(CC)Q/ν(C––N)Q vibrations, appear at 1500 cm− 1 and 1498 cm− 1 

for AgNP and AuNP mono-layers, respectively (please see Table 2 for the 
band assignments). The SEIRA surface selection rules clearly show that 
the bands of the vibrations, which generate the dipole changes oriented 
perpendicular to the metal surface reveal the most enhanced intensity 
[30,32]. In the light of these considerations, the domination in the AFM- 
SEIRA spectra bands due to the quinazoline, indicates that this moiety 
adopts vertical orientation on the nanoparticle surfaces. Moreover, the 
observed broadening and shift position of the aforementioned bands, 
namely ΔFWHM= ~3 cm-1 and Δν=~5 cm− 1, respectively (please see 
Table 2), allow for concluding that the gefitinib/AgNP mono-layer and 
the gefitinib/AuNP mono-layer connections through the C––N bond of 
quinazoline are rather strong. 

Without a doubt, also the morpholine moiety plays a crucial role in 
the gefitinib/AgNP and gefitinib/AuNP interaction. In the AFM-SEIRA 
spectra, it is reflected especially in the visible enhanced bands appear
ing at 1449 cm− 1 [δ(CH2)Mo], 1393 cm− 1 [ρw(CH2)Mo] and 1447 cm− 1 

[δ(CH2)Mo], 1392 cm− 1 [ρw(CH2)Mo] for AgNP and AuNP mono-layers, 
respectively, in comparison with the corresponding AFM-IR spectrum 
for the non-adsorbed drug. Like it was distinguished based on the SERS 
spectra, also the spectral pattern observable in the AFM-SEIRA data 
indicates a closer connection of the morpholine with the AuNPs than it is 
detected for the AgNPs. This finding is based on the noticed stronger 
enhancement of the considered bands in the AFM-SEIRA spectrum for 

AuNP mono-layer than it occurs for the AgNP mono-layer (see Fig. 3). 
The AFM-SEIRA spectra also illustrate the medium and weak in

tensity bands attributed to the 3-chloro-4-fluorophenyl, amino moiety, 
and propoxy group. These bands are observed at 1579 cm− 1 [ρb(CH)Phe], 
1532 cm− 1 [ρb(NH)], 1475 cm− 1 [ρw(CH2)CH3], 1437 cm− 1 [ν(CH)Phe], 
1430 cm− 1 [ρw(CH2)CH3/ρw(CH2)OCH2/ρw(CH2)] and 1578 cm− 1 

[ρb(CH)Phe], 1533 cm− 1 [ρb(NH)], 1476 cm− 1 [ρw(CH2)CH3], 1437 cm− 1 

[ν(CH)Phe], 1430 cm− 1 [ρw(CH2)CH3/ρw(CH2)OCH2/ρw(CH2)] for the 
AgNP and AuNP mono-layers, respectively. Non-observable enhance
ment of the aforementioned bands together with no changes in their 
positions and widths in comparison with the corresponding AFM-IR 
spectrum for non-adsorbed drug (please see Table 2) confirms that the 
considered functional groups do not take a crucial role in the gefitinib/ 
metal NPs interactions. The suggested orientation of gefitinib on the 
AgNP and AuNP mono-layers, respectively, are provided in Fig. 4. 

The application of the two surface-enhanced techniques namely 
SERS and AFM-SEIRA allows for performing deep investigations of how 
gefitinib connects with two different types of metal NPs. Moreover, the 
obtained data from two approaches which are based on two different 
physical phenomena: the Raman scattering (SERS) and the thermal 
expansion (AFM-SEIRA) effects, allow to reach the same conclusions 
about the drug/metal NPs interaction. This also gives a piece of strong 
evidence that the AFM-IR is sensitive to the enhancement phenomenon 
appearing on the metal surface (thus the introduction of the term AFM- 
SEIRA is appropriate), and can be successfully used for the character
ization of molecules’ adsorption on the metal surfaces with the ultra- 
high resolution reached even 15 nm by applying the well-known sur
face selection rules [30]. 

3.3. Spectral signal enhancement comparison 

The complementary of the surface enhancement phenomenon 
appearing in both considered techniques, namely SERS and AFM-SEIRA 
is also observed in the signal amplification which is received on different 
types of metals. It is commonly known that AgNPs ensure higher spectral 
signal reinforcement in comparison with the AuNPs of the same size and 
shape. This is strongly connected to their optical properties which allow 
maintaining strong plasmon resonance at the specific resonance wave
length. Briefly, the amount of the electromagnetic field created on the 
metal surface depends on the incoming electromagnetic waves and the 
field produced by the surface metal plasmons [40]. This combined 
electromagnetic field for the spherical NPs is related to the size of NPs, 
their electric permittivity, and the environment [40,61]. When the size 
of NPs, the environment, and the energy of irradiating waves are fixed, 
so the used NPs possess the same radius, the measurements are per
formed in the same conditions with the same wavelength, the obtained 
electromagnetic field enhancement is determined by the electric metal 
properties. Rycenga and co-workers [62] presented deep considerations 
of what affects the ability of metal nanostructure to maintain the surface 
plasmon resonance effect. The main factor of effective interaction be
tween the surface electrons and the light is the dielectric function of the 
metal, which contains its real and imaginary parts and are different for 
various excitation wavelengths. Although the negative value of the real 
part of the dielectric function provides the strong surface plasmon 
resonance, at the same time the imaginary part needs to be close to zero 
[40,62,63]. Comparing these parameters for the AgNPs and AuNPs, 
respectively, it should be noted that the AgNPs indicate the highest real 
part and the lowest value of the imaginary part of the dielectric function 
in the visible and near-infrared region [62]. Thus, for these NPs the 
conditions necessary for strong resonance are fully met. In other words, 
the application of AgNPs allows for obtaining larger spectral signal 
enhancement than it is provided by the AuNPs. This effect occurs in the 
SERS as well as in the SEIRA occurrences [62,64]. Fig. 5 shows the 
comparison of the corresponding SERS and AFM-SEIRA spectra for the 
drug/AgNP and the drug/AuNP systems. Presented data confirm that the 
AgNPs increase spectral signal a few times stronger than the AuNPs. 

Table 2 
The band assignments together with the wavenumbers (ν) and full width at half 
maximum (FWHM) for the significant AFM-IR bands of gefitinib non-adsorbed 
and the AFM-SEIRA bands of this drug after its adsorption on the AgNP and 
AuNP surfaces.28,29,33,34,51-58.  

Band assignmentsa Gefitinib Gefitinib-AgNPs Gefitinib-AuNPs 

AFM- 
IR 

FWHM 
[cm− 1] 

AFM- 
SEIRA 

FWHM 
[cm− 1] 

AFM- 
SEIRA 

FWHM 
[cm− 1] 

ν(CC)Phe, ρb(NH), 
ν(CN)Q 

1624 12 1625 7 1625 10 

ν(CC)Q 1619 12 1612 11 1614 11 
ν(CC)Phe, ρb(NH), 

ν(C––N)Q, ν(CC)Q 

1606 8 1605 9   

ν(CC)Q 1597 9     
ρb(NH), ν(NC)Q-NH, 

ν(C––N)Q, 
ν(CC)CPheC, 
ρb(CH)Phe, ν(CC)Q 

1581 13 1579 8 1578 8 

ν(CC)Phe 1572 7     
ρb(NH) 1532 8 1532 6 1533 8 
ρw(OCH3) 1514 7 1511 8 1508 8 
ν(CC)Q, ν(C––N)Q, 

ρb(CH)Q 

1505 7 1500 10 1498 10 

ρb(CH)Phe, δ(Phe) 1494 10 1491 4 1489 3 
ρw(CH2)CH3 1474 6 1475 5 1476 6 
ρb(CH)Q, ν(CN)Q, 

ν(CC)Q 

1460 7 1460 9 1460 10 

δ(CH2)Mo   1449 9 1447 10 
ν(CH)Phe 1435 11 1437 6 1437 7 
ρw(CH2)CH3, 

ρw(CH2)OCH2, 
ρw(CH2) 

1429 8 1430 8 1430 8 

ρw(CH2)CH3, 
ρw(CH2)OCH2, 
ρw(CH2), ρb(NH), 
δ(Q)   

1422 9 1421 10 

ρb(NH) 1404 10     
ρw(CH2)Mo 1393 6 1393 10 1392 11 

aAbbreviations: ν, stretching; ρb, bending; ρw, wagging; ρs, scissoring; δ, defor
mation; Phe, phenyl ring; Q, quinazoline group; Mo, morpholine 
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These spectral patterns confirm the complementarity between the phe
nomena of the well-known SERS and SEIRA techniques and the quite 
new AFM-SEIRA approach. 

The AFM-IR technique ensures also unique information about the 
spectral signal distribution on the regarded metal mono-layers. Fig. 6 
represents the topographies of the AgNP and AuNP mono-layers, 
respectively, with the immobilized drug, together with the AFM-SEIRA 
maps. These maps illustrate the intensity distribution of the most 
enhanced bands in the AFM-SEIRA spectra namely these attributed to 
the ν(CC)Q/ν(C––N)Q vibrations. One can be noticed that the strongest 
spectral signal occurs on the particular nanoparticle surfaces instead of 
the space between them, as was expected. This phenomenon is even 
better observed in the 2D and 3D 200 nm × 200 nm AFM-SEIRA maps of 
gefitinib adsorbed on the AgNP mono-layer (please see Fig. 7). Addi
tionally, the comparison between the profile analysis of the AFM-SEIRA 
and AFM height signals also confirms clearly that the strong 

enhancement of the spectral signal appears on the top of particular NPs 
(Fig. 7D). As it was mentioned in the Introduction past, the previously 
published AFM-SEIRA data for erlotinib immobilized on the AgNP 
mono-layer [29] the spectral signal distribution observed in the AFM- 
SEIRA maps corresponds very well with the “hot spot” theory, which 
manifests that the strongest signal enhancement should appear between 
the spherical NPs. However, the image of the signal distribution pre
sented for gefitinib/AgNP mono-layer sheds new light on the AFM- 
SEIRA map interpretation for molecules adsorbed on the metal sur
faces. Based on the fact that in these two considered systems namely 
erlotinib/AgNP mono-layer and gefitinib/AgNP mono-layer the same 
type of metal NPs were used, one may be excluded that the NPs them
selves affect the spectral signal distribution. On the other hand, the gold- 
coated tip applied in the NanoIR2 system with the laser illumination 
from the top may also have a crucial influence on the occurred signal 
distribution. Lu and co-workers [65] discussed the possible 

BA

Fig. 4. The suggested gefitinib adsorption geometry on the AgNP (A) and AuNP (B) mono-layers. Direction of the interactions are indicated by arrows. Thicker 
arrows equate to a stronger effect. 
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electromagnetic field enhancement appearance when the gold-coated 
tip and the flat gold metal surface are used. In the gap forming be
tween the two metals (tip and the surface) the additional optical field 
effectively increases the sensitivity and the spatial resolution. Such 
resolution now depends on the “hot spot” size occurring in this nanogap. 

Although this statement is still not clear, especially for the roughened 
metal surfaces (such as metal nanoparticle mono-layers), it should be 
noted that a comparable signal distribution of gefitinib on the AgNP 
mono-layer was obtained with a different tip (data not shown). Never
theless, the AFM-SEIRA signal enhancement obtained using two 
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Fig. 6. The AFM topographies 1 μm × 1 μm of the AgNP (A) and AuNP (B) mono-layers with the adsorbed gefitinib together with the AFM-SEIRA intensity maps of 
the bands at ~ 1500 cm− 1(C) and (D), respectively). 

Fig. 7. The AFM topographies 1 μm × 1 μm (A) and 200 nm × 200 nm (B) of the gefitinib/AgNP mono-layer together with the 3D AFM–SEIRA intensity map of the 
band at 1500 cm− 1(C) and AFM-IR signal (red line) compared with height profile (blue line) at the position marked in (C) with a black dotted line and arrows (D). 
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different types of metal NPs described above are in good agreement with 
the surface plasmon resonance theory, and with what is already known 
for the SERS and SEIRA signal reinforcement. Therefore, the electro
magnetic enhancement phenomenon should be reflected in the AFM- 
SEIRA intensity maps. These considerations may lead to the conclu
sion that the spectral signal distribution of the molecule immobilized on 
the metal mono-layer drawn by the AFM-SEIRA maps is connected to the 
nature of the molecule/metal interaction. On the one hand, if the mol
ecules present a strong interaction with metal NPs, it will induce their 
aggregation [66,67], and reduce the distance in between. As a conse
quence, the strongest enhancement should occur between the nano
structures. On the other hand, if the molecules interact moderately with 
the metal NPs, their aggregation is weak and the distance between the 
gold-coated tip and the surface of the metal nanoparticle is shorter than 
between the neighboring metal NPs. As a consequence, the strongest 
enhancement will be observed between the gold-coated tip and the 
surface of some specific NPs. Thus, the distribution of the enhanced 
signal (in between or on top of the NPs) will guide us to decipher which 
phenomenon occurs. These statements seem reasonable based on the 
data collected for erlotinib and gefitinib-metal NPs sample. Briefly, the 
significant spectral signal changes (band broadening and shift position) 
observed for characteristic bands of particular functional groups in the 
previously published RS spectra of erlotinib in comparison with the 
corresponding SERS results after its adsorption on the AgNPs and AuNPs 
proves the very strong connection between this drug and the metal NPs 
[28,33]. Furthermore, both charge transfer and bond creation between 
the molecule and the metal result in dramatic spectral pattern changes in 
the surface-enhanced spectra as well as additional spectral signal re
inforcements. Such extraordinary signal amplification is additionally 
determined by nanoparticle aggregation [68–70] (a key factor of “hot 
spot” formation), clearly visible in the AFM topographies of erlotinib/ 
AgNP and erlotinib/AuNP mono-layers, respectively [29]. For gefitinib, 
the SERS spectra received after its adsorption on the AgNPs and AuNPs 
do not illustrate so strong changes in comparison with the RS spectra for 
the non-adsorbed drug (please see Fig. 2). Moreover, the AFM topog
raphies presented in Fig. 6 do not reveal such strong aggregation of the 
NPs as it was noticed in the case of erlotinib [29]. 

4. Conclusions 

In this study, the detailed characterization of how gefitinib interacts 
with AgNPs and AuNPs, considered as potential drug nanocarriers, using 
SERS and AFM-SEIRA techniques was performed. The obtained results 
indicate the connection between the drug and the metal NPs mainly 
through the quinazoline and morpholine moieties. Additionally, this 
connection seems to be stronger for gefitinib/AuNP than for the gefiti
nib/AgNP conjugates. The verification of the AFM-SEIRA results by the 
simultaneous SERS analysis proves the usefulness of this quite new 
approach for the interpretation of molecule/metal interaction with 
ultra-high spatial resolution of ~ 15 nm, which corresponds to the size 
of the particular nanoparticle. However, to date, the evidence con
firming the complementary information obtained using SERS and AFM- 
SEIRA and the validity of using the latter technique was rather poor. The 
performed considerations supported by the previously published data 
[29] proved unequivocally that the surface phenomenon observed in the 
well-known techniques such as SERS and SEIRA also occurs in the AFM- 
SEIRA. Moreover, the surface selection rules applied for the interpre
tation of the adsorption geometry of molecules on the metal surfaces 
allow for the elucidation of the spectral changes observed in the AFM- 
SEIRA spectra in comparison with the corresponding AFM-IR results 
for the molecules non-adsorbed on metal NPs. These changes are man
ifested in the relative intensity, position, and width of bands from the 
particular functional groups involve in the interaction with the metal 
NPs.The complementarity between the AFM-SEIRA effect and conven
tional SEIRA and SERS was also indicated based on the analyzed signal 
enhancement depending on the type of the applied metal NPs. The 

optical properties of the metals determining the maintenance of the 
surface plasmon resonance which affect the obtained signal reinforce
ment in the conventional surface-enhanced vibrational spectra also in
fluence the signal enhancement in the AFM-SEIRA results. Typically, the 
silver NPs ensure a stronger enhancement phenomenon than gold NPs 
for SEIRA and SERS. The same statement has been proved for AFM- 
SEIRA effect. Finally, taking into account the whole performed consid
erations one may be concluded that the AFM-SEIRA maps bring out the 
enhancement distribution which is directly linked to the nature of 
molecule/metal interaction. Indeed, a strong interaction of the studied 
molecules with the NPs promotes their aggregation resulting in the 
appearance of the strong AFM-SEIRA signal between adjacent NPs. A 
strong AFM-SEIRA signal between adjacent NPs could also be observed 
if the NPs aggregation trapping more molecules in the space between 
them than on their top. Thus, the postulate that the AFM-SEIRA map 
illustrates the distribution of the molecule on the metal mono-layer 
surface may still be correct. In the case of a weak NPs aggregation, the 
enhanced electromagnetic field generated between the gold-coated AFM 
tip and the metal NPs may prevail. 
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B. Drozdzowska, P. Ziora, G. Lisowska, W.M. Kwiatek, Nanoscale infrared probing 
of amyloid formation within the pleomorphic adenoma tissue, Biochim. Biophys. 
Acta - Gen. Subj. 1864 (10) (2020) 129677. 

[7] M. Roman, T.P. Wrobel, C. Paluszkiewicz, W.M. Kwiatek, Comparison between 
high definition FT-IR, Raman and AFM-IR for subcellular chemical imaging of 
cholesteryl esters in prostate cancer cells, J. Biophotonics 13 (5) (2020) 1–14, 
https://doi.org/10.1002/jbio.201960094. 

[8] L. Huang, X. Zhang, J. Shao, Z. Zhou, Y. Chen, X. Hu, Nanoscale chemical and 
mechanical heterogeneity of human dentin characterized by AFM-IR and bimodal 
AFM, J. Adv. Res. 22 (Mar. 2020) 163–171, https://doi.org/10.1016/j. 
jare.2019.12.004. 

[9] A. Centrone, Infrared Imaging and Spectroscopy Beyond the Diffraction Limit, 
Annual Rev. Anal. Chem. 8 (1) (2015) 101–126. 

[10] B. Knoll, F. Keilmann, Near-field probing of vibrational absorption for chemical 
microscopy, Nature 399 (6732) (1999) 134–137, https://doi.org/10.1038/20154. 

[11] R.M. Stockle, Y.D. Suh, V. Deckert, R. Zenobi, S. Switzerland, Nanoscale chemical 
analysis by tip-enhanced Raman spectroscopy, Chem. Phys. Lett. 318 (1–3) (2000) 
131–136, https://doi.org/10.1016/S0009-2614(99)01451-7. 

[12] M.S. Anderson, Locally enhanced Raman spectroscopy with an atomic force 
microscope, Appl. Phys. Lett. 76 (21) (May 2000) 3130–3132, https://doi.org/ 
10.1063/1.126546. 

[13] S. Kenkel, S. Mittal, R. Bhargava, Closed-loop atomic force microscopy-infrared 
spectroscopic imaging for nanoscale molecular characterization, Nat. Commun. 11 
(1) (Dec. 2020), https://doi.org/10.1038/s41467-020-17043-5. 
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