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Abstract 

  

Fluorescent dyes and nanoparticles (NPs) have been widely used together to make novel 

biosensors, taking advantage of their unique characteristics. It is crucial to have techniques that 

enable us to gain detailed and high-resolution information regarding the interaction between 

nanoparticles and fluorescent dyes. In this work, we chose rhodamine B (RhB) and amidine- and 

carboxylate-modified polystyrene (CML) nanoparticles as models and employed both NMR (1H 

and STD NMR) and optical (UV-Vis and fluorescence) techniques to investigate the interaction 

between nanoparticles and fluorescent dyes. From UV-Vis and fluorescence spectroscopy, we 

see that there are larger red shifts when rhodamine B binds to carboxylate modified polystyrene 

nanoparticles than amidine modified nanoparticles. Correspondingly, RhB has broader NMR 

peaks and a larger STD effect when binding to CML NPs than amidine NPs. Results from these 

two techniques validate each other. It is notable that the NMR techniques provide more reliable 

data than UV-Vis and fluorescence methods. Moreover, we show that NMR techniques, especially 

STD NMR, can provide more atomic-level binding geometry information. The higher STD effect 

of the smaller aromatic ring of RhB implies that this aromatic ring is closer to the surface of 

nanoparticles when binding to polystyrene nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Introduction 

 

Xanthenes, an important type of fluorophore, have gained extensive attention from academic 

researchers and industries due to their remarkable photophysical properties, such as high 

photostability, excellent quantum yield and high molar extinction coefficient. 1,2 One of these 

popular xanthene fluorophores, rhodamine, has been widely developed because of its unique 

fluorescent properties. Non-fluorescent and colorless rhodamine spirolactam or spirolactone 

derivatives will change color to pink and emit fluorescence once the spirolactam/lactone ring is 

opened.1,3,4 Researchers have taken advantage of this characteristic and applied rhodamine and 

its related derivatives to many fields, including applications in biological makers and bioimaging.5–

8 For instance, rhodamine derivatives have been extensively used as fluorescent chemosensors 

to sense biologically and environmentally-related metal ions (Cu2+, Hg2+, Zn2+, Pd2+ etc ),9–11 to 

detect pH12,13 and to monitor enzyme activity.14–16 Compared with other sensing methods, 

fluorescent probes can be easily introduced into the system and are highly sensitive and 

selective.1 For these reasons, fluorescence imaging is excellent in providing real time imaging in 

cells.2,17 In this work, we use an inexpensive rhodamine dye, rhodamine B (RhB), as a model for 

xanthene dyes because its derivatives have been extensively applied in many areas.9,10,18  

 

Due to their unique physicochemical properties, nanoparticles (NPs) are important in the 

biomedical field. To date, nanoparticles have been used in drug delivery, bioimaging and as 

biosensors.19–22 Recently, significant effort has been made to develop biosensors by taking 

advantage of both nanoparticles and fluorescent dyes. For example, optical oxygen sensors have 

been developed by trapping fluorescent dyes inside a polymer nanoparticle. Wang et al23 have 

utilized amino-modified polystyrene beads to encapsulate dyes and Pt coordination complexes 

as oxygen probes to determine and image the intracellular oxygen levels. The McNeill group has 

developed single nanoparticle oxygen sensors by using conjugated polymer nanoparticles to 

entrap an oxygen sensitive dye, platinum(II) octaethylporphine.24 The function of NPs mainly relies 

on how their surface interacts with other molecules and their surroundings.25 One key element to 

the development of nanoparticle-dye sensors is the understanding of nanoparticle-dye interaction, 

which requires a powerful characterization method. The main characterization techniques that are 

currently used are fluorescence spectroscopies, which are mainly based on the fluorescence 

response. Fluorescence, however, cannot provide atomic-level details regarding nanoparticle-dye 

interactions. Hence, a technique that enables us to obtain detailed and high-resolution information 

about the interaction between NPs and dyes is crucial to the development of better biosensors. 

 

In recent years, various Nuclear Magnetic Resonance (NMR) spectroscopy experiments have 

been developed to gain insight into structural information regarding small molecules and proteins 

on the surface of nanoparticles.26–38 NMR experiments are non-destructive and can provide 

atomic-level resolution. These experiments include measuring diffusion coefficients28,30 of free 

and bound ligands using either pulsed-field gradient or diffusion-ordered spectroscopy (DOSY) 

experiments, exploiting the different relaxation times in free and bound ligands29-31,34-37, methods 

that exploit different rotational correlation times between the small ligand and large receptor such 



as NOESY30 and waterLOGSY39,40, and methods that rely on saturation transfer such as 

saturation-transfer difference (STD)-NMR30 and dark-state exchange saturation transfer 

(DEST)26,31,38. STD-NMR41,42 is particularly effective to probe ligand binding on a nanoparticle 

surface.43–48 In each STD-NMR experiment, two spectra, one on-resonance and one off-

resonance spectrum, are collected. The difference between these two spectra is the location of 

the saturation frequency. The off-resonance spectrum is acquired with saturation at a frequency 

where neither receptor (nanoparticles in this work) nor ligand (dyes) would resonate. In the on-

resonance spectrum, however, saturation is at a frequency where only receptors will resonate. 

This selective saturation will subsequently spread throughout the entire network of receptor 

protons through spin diffusion. When the ligands bind to receptor pockets, they will receive part 

of the saturation transferred from the receptor. Since the binding is dynamic, the bound ligand will 

exchange with the free ligands during the saturation period, leading to a reduction of the ligand 

peak intensity. Subtracting the on-resonance spectrum from the off-resonance spectrum gives 

the difference spectrum that contains peaks only from binding ligands. DEST is another common 

NMR method used to investigate surface interactions.49,50 The DEST experiment is used in 

particular to characterize visible species that are in exchange with a dark state, which is rendered 

NMR-invisible due to slow tumbling resulting in large transverse relaxation rates. It is notable that 

unlike STD, the DEST method does not require saturation transfer from receptors to ligands via 

cross-relaxation. 

 

These NMR techniques come with limitations, the main one being the inherent low sensitivity of 

the NMR technique.  This requires higher concentrations of sample than corresponding optical 

techniques, and the higher concentrations required for NMR will influence binding equilibria. 

However, the strength in these NMR techniques is the atomic-level information about binding 

geometry that they are able to provide. STD-NMR, for example, can be used for epitope mapping. 

All other things being equal, a higher STD effect will be observed for protons on a ligand that are 

closer to the receptor in the bound geometry. 

 

In this work, the interaction between RhB dye and two kinds of polystyrene nanoparticles 

(carboxylate-modified and amidine-modified) was determined by 1H and STD NMR spectroscopy.  

Additionally, we also measure UV-Vis and fluorescence spectroscopy to validate the NMR results. 

Conclusions from these two techniques are in line with each other. However, we find that the 

NMR techniques are more reliable as indicated by a lower percent error in repeat measurements. 

 

Methods 

 

Amidine polystyrene latex beads (4% w/v suspension in deionized water, 0.02 µm) and 

carboxylate-modified (CML) polystyrene latex beads (4% w/v suspension in deionized water, 0.02 

µm) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Rhodamine B (≥95%, 

HPLC) was purchased from Sigma-Aldrich (St. Louis, MO). Hydrochloric acid, sodium hydroxide 

and deuterium oxide (99.8 atom % D, for NMR, Acros Organics) were purchased from Fisher 

Scientific (Hampton, NH, USA). All reagents and solvents were used as received. Deionized water 

was prepared using a Millipore Milli-Q purifier.  



NMR samples consisted of 1mM RhB and 11 nM polystyrene NPs in D2O. The total volume of 

solution was 1 mL. 5mm od NMR tubes (Norell inc, Morganton, NC) were used in all NMR 

experiments. For UV-Vis and fluorescence experiments, samples consisted of 1 uM RhB and 0.5 

uM polystyrene NPs in H2O. The final volume was 3 mL. The pH of all samples was adjusted to 

7 by addition of a minimum amount of HCl and NaOH solutions. The pH values were directly 

measured by the pH probe, without any corrections for isotope effect.  

The UV-Visible (UV-Vis) absorption spectra were recorded on an Agilent 8453 UV−Vis 

spectrophotometer. Plastic cuvettes with 10 mm path length are used to hold samples. A blank 

sample with corresponding solvent only was measured at the beginning of each set of samples. 

The spectrum was measured over the range 200-1000 nm. The fluorescence spectra were 

recorded with a commercial fluorometer (Quantamaster, PTI, Inc.). The excitation wavelength 

was 540 nm. The emission spectra were measured from 525 to 700 nm. All NMR experiments 

were performed on a Bruker 500 MHz NEO NMR spectrometer with a BBO Prodigy nitrogen-

cooled cryoprobe. 1H experiments were acquired with 3-second acquisition time, 8 scans, 1s 

recycle delay and 12 ppm spectral width. STD experiments were performed using the standard 

Bruker pulse sequence “stddiffesgp”,41,42 where a train of 50 ms Gaussian pulses at a power of 

7.8 mW (0.46 kHz) was used to achieve saturation. Off-resonance saturation was performed at 

40 ppm and on-resonance saturation was performed at 12 ppm. The on- and off-resonance 

spectra were collected in an interleaved manner. The STD experiment was acquired with 3 s 

acquisition time, 128 scans, 4 dummy scans and 12 ppm spectral width. For both 1D 1H and STD 

experiments, the excitation sculpting with gradients water suppression sequence was used.51 All 

experiments were done at 298K. Bruker Topspin 4.0.6 software was used to process all NMR 

spectra. A custom-written MATLAB script was used to process phase corrected spectra to 

calculate peak integrals. All MATLAB operations were done with MATLAB R2018a software 

(MathWorks, Natick, MA, USA). 

 

Results and Discussion 

 

 
Figure 1. UV-Vis absorption (a) and fluorescence emission (b) spectra of RhB, RhB-CML NPs 

and RhB-Amidine NPs at pH 7. The baseline of RhB-amidine NPs in the UV spectrum has been 

adjusted for clarity. The intensity of the fluorescence spectrum (y axis) is divided by 1000.  

 

Representative UV-Vis absorbance and fluorescence emission spectra of RhB samples are 

shown in Figure 1. In Figure 1a, the RhB maximum of absorbance (𝜆𝑚𝑎𝑥) at pH 7 is 555 nm. The 



absorbance band of RhB (𝜆𝑚𝑎𝑥= 555 nm) does not shift at all when RhB interacts with amidine 

modified nanoparticles (0.75 ± 0.95 nm). On the contrary, the presence of carboxylate modified 

polystyrene nanoparticles causes prominent red shifts of RhB (3.5 ± 1.7 nm), reaching a 𝜆𝑚𝑎𝑥 of 

558nm. UV-Vis spectroscopy is primarily used for detecting environmental change. The red-shift 

of the maximum absorbance peak is due to the adsorption of RhB to the surface of nanoparticles. 

Similar red-shift phenomenon has been reported in the literature for the binding of RhB to 

polymers.52 By comparing the two nanoparticles, we can see an indication that RhB binds to CML 

NPs, whereas the binding to amidine NPs is negligible. 

 

In order to confirm this, fluorescence experiments were performed. Figure 1b illustrates the 

influence of nanoparticles on RhB. The maximum emission of the Rhodamine B was at 572 nm. 

Red-shifts of 2.3 ± 1.5 nm are observed when RhB interacts with CML NPs while a 0.5 ± 0.57 nm 

blue-shift is seen for amidine NPs. Similar red-shift of fluorescence emission peak is reported in 

the literature for RhB with polystyrene nanoparticles.53 This peak shift indicates that RhB indeed 

binds to CML nanoparticles. The electronic environment of RhB is affected by interactions with 

NPs, which resulted in an emission peak shift. Interestingly, the emission peak has a different 

shift range when interacting with different modified surface NPs. The larger peak shift of RhB with 

CML NPs than amidine NPs implies that RhB binds to CML NPs, but not to amidine NPs, which 

is in line with the UV-Vis results. This can be attributed to the electrostatic attraction between the 

negatively charged carboxylate group on the surface of CML NPs and positively charged amino 

group of RhB molecules. However, there is no such attraction between positively charged RhB 

and neutral amidine NPs. 

 

Results for individual trials of UV-Vis and fluorescence experiments are listed in Table S1 of the 

supporting information. Although these optical spectroscopy techniques have been used in the 

past to explore binding, this might not be the best method to use to study RhB binding to 

polystyrene NPs, since the peak shifts are small and have a large variability. In addition, the 

absorbance peak and emission peak of RhB overlap with the tail of the NP scattering feature 

(shown in Figure S1 in the supporting information), further complicating the analysis. However, 

the maximum of the RhB peak position does not appear to be influenced by the presence of the 

NP scattering feature. 

 



Figure 2. RhB molecular structure, its peak assignment and 1H NMR spectra of 1mM RhB, 

RhB-amidine NPs and RhB-CML NPs at pH 7.  

 

To provide more reliable insight into RhB binding to polystyrene NPs, as well as obtain structural 

information, we used NMR techniques. Figure 2 displays the 1D 1H NMR spectrum of RhB and 

its peak assignment based on COSY, NOESY and HSQC experiments. An expanded 1H NMR 

spectrum between 6 ppm and 8 ppm is shown in Figure S2 in the supporting information. From 

the bottom to the top are spectra of RhB only, RhB with amidine modified polystyrene NPs and 

RhB with carboxylate modified polystyrene NPs. Comparing these spectra, proton peaks are 

sharp and have high intensity for the sample containing only RhB, and are broadened when RhB 

is combined with nanoparticles. In the case of amidine NPs, the peak shape and intensity are 

similar to those of RhB only samples. Interacting with CML NPs, however, RhB line broadening 

is more pronounced and a large decrease in intensity is observed. This is due to the slow tumbling 

rate of polystyrene NPs. As the size of NPs is large, their tumbling rate is slow in solution and 

thus leads to fast T2 relaxation. The increased transverse relaxation rate mainly contributes to the 

line broadening of peaks. Therefore, when RhB molecules bind to the surface of NPs, they will 

have similar tumbling rate as NPs, resulting in line broadening and decreased peak intensity. 

Notably, the different line broadening effect on RhB peaks between CML NPs and amidine NPs 

implies that RhB prefers to bind to CML NPs instead of amidine NPs. The relative peak integral 

intensities for each spectrum are listed in Table S2 in the supporting information. The reduction 

in peak integral intensity when RhB binds to CML NPs indicates that a fraction of the RhB is bound 

tightly to the nanoparticles. In contrast, no decrease in peak integral intensity is observed when 

RhB is combined with amidine NPs. Taken together, the 1D proton NMR data agrees with the 

UV-Vis and fluorescence spectra, indicating binding between RhB and CML NPs, and weak or 

nonexistent binding between RhB and amidine NPs. 



 
Figure 3. STD reference (blue) and difference (red) spectra of 1 mM RhB with Amidine NPs (a) 

and CML NPs (b) at pH 7. The on- and off- resonance spectra are saturated at 12 ppm and 40 

ppm, respectively. The saturation times and recycle delays are 2.5 s and 3 s for CML NPs and 

3.5 s and 4 s for amidine NPs. 

 

The STD NMR spectra of RhB interacting with amidine and CML polystyrene nanoparticles are 

shown in Figure 3. The blue line is the reference spectrum while the red line represents the 

difference spectrum. When RhB is mixed with amidine NPs, the STD effect is nearly not 

observable, as shown in Figure 3a. On the other hand, there is a significant large STD effect when 

RhB interacts with the carboxylate modified polystyrene nanoparticles in Figure 3b. The larger 

STD effect again indicates that stronger binding exists between RhB and CML NPs than RhB and 

amidine NPs.  

 



Figure 4. STD buildup curve of RhB-amidine NPs (a) and RhB-CML NPs (b) at pH 7. The dots 

are experimental data and the lines are the best fit to S(t) = Smax (1-e-kt), where S(t) is the STD 

effect at time t, Smax is the maximum STD effect and k is a buildup time constant. The STD effect 

of peak 6 is not displayed due to peak overlap with impurities. 

 

A series of STD experiments with different saturation times was collected. The STD effect of each 

peak, which is defined as the peak intensity in the difference spectrum divided by that in the 

reference spectrum, is calculated and plotted as a function of saturation time to make the full STD 

buildup curves as shown in Figure 4. The maximum STD effect of RhB-CML NPs is around 0.4, 

which is 7 times larger than that of RhB-amidine NPs (0.06). The much higher STD effect of RhB-

CML NPs implies the stronger binding between RhB and CML NPs. RhB molecules receive more 

saturation transferred from nanoparticles if they bind more strongly to nanoparticles, leading to 

higher peak intensity in the difference spectrum and thus a larger STD effect. This is consistent 

with 1H NMR, UV-Vis and fluorescence spectra. 

 

 
Figure 5. RhB molecular structure with the maximum STD effect of RhB-CML NPs displayed 

beside each peak. The STD effect of peak 6 is not displayed due to peak overlap with impurities. 

 

  

In addition to giving information about relative binding affinity as the optical methods mentioned 

above, STD-NMR can also provide insight into the binding geometry of RhB on the surface of 

polystyrene nanoparticles. As displayed in Figure 5, the maximum STD effect of the aliphatic 

protons (peak 1 and 2) of RhB is smaller than that of aromatic groups (peaks 3-9). This can be 

attributed to the strong 𝜋 − 𝜋 interaction between aromatic rings of RhB molecules and phenyl 

groups of polystyrene in the NPs. A previous study explored the influence of stacking of RhB on 

polymers containing aromatic rings by using polymers with and without aromatic rings.54 

Interestingly, the STD effect of peaks 7-9 from the small aromatic ring is larger than that of 

aromatic peaks 3-5 from the large aromatic ring. This provides more detailed structural 

information for RhB binding to nanoparticles. That is, the small aromatic ring of RhB is closer to 

the surface of nanoparticles when binding to polystyrene nanoparticles. We speculate that this 

might be associated with the steric effect of the large aromatic ring and bulky ethylamine groups, 

which makes it harder for this aromatic ring to get close to the aromatic rings in the nanoparticles. 

 



The STD-NMR experiments were repeated 4 times and the average and standard deviation of 

the STD effects are shown in Tables S3 and S4 of the supporting information. The percent error 

in the STD-NMR measurements is much less than that of the UV-Vis and fluorescence 

experiments. Although all three techniques lead to similar conclusions and validate each other, 

the NMR technique is more reliable when studying RhB interacting with polystyrene NPs. 

 

Conclusions 

In this work, we have utilized both NMR (1H and STD NMR) and optical (UV-Vis and fluorescence) 

techniques to investigate the interaction between the xanthene dye RhB and two different 

functionalized polystyrene nanoparticles. From UV-Vis and fluorescence spectroscopy, we see 

that there are larger red shifts when RhB binds to carboxylate modified NPs than amidine modified 

NPs. Correspondingly, RhB has broader peaks and a larger STD effect when binding to CML NPs 

than amidine NPs from the NMR spectra. Results from these two techniques validate each other, 

but the NMR techniques provide more reliable data, according to the percent error in the 

measurements, than UV-Vis and fluorescence methods. Moreover, we show that NMR 

techniques, especially STD-NMR, can provide atomic-level binding geometry information. 

 

Supporting Information 

Average and standard deviation of the maximum UV-Vis absorbance, fluorescence emission peak 

shift, and maximum STD effect; table of NMR peak integrals; expanded 1H NMR spectrum 

between 6 ppm and 8 ppm; and UV-Vis spectra and fluorescence spectra of nanoparticles alone. 
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