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ABSTRACT 22 

In this study, protective and ion selective polyelectrolyte multilayer coatings from poly(sodium-4-23 

styrene sulfonate) and poly(diallyldimethylammonium chloride) were manufactured on the 24 

NaYF4:Yb3+,Er3+ upconverting nanoparticle surface. The ion selective coatings would be effective 25 

in hindering the disintegration of inorganic nanoparticle in aqueous environment used in various 26 

applications such as in-vitro assays and biomedical imaging. The disintegration is prominent 27 

especially in detrimental phosphate-based buffers. The effect of the used counteranion on the 28 

multilayer formation and the luminescent properties of the coated materials is discussed. The 29 

multilayer coating was confirmed with Fourier transform infrared spectroscopy, thermal analysis 30 

and transmission electron microscopy. The behavior of the coated nanoparticles in aqueous 31 

environment was monitored using fluoride ion selective electrode. We observed that the ion 32 

selective coatings prepared using fluoride or chloride as a counteranion were the most effective in 33 

slowing the disintegration of the nanoparticles. The deceleration in the disintegration process was 34 

observed also in phosphate-based buffer which emphasizes the ion selective properties of the 35 

multilayer coating. The upconversion luminescence measurements of the coated nanoparticles 36 

showed that coatings manufactured with bromide counteranion were most efficient in shielding 37 

the upconversion luminescence in solid state.  38 

 39 

INTRODUCTION  40 

Fluoride based β-NaYF4 structure is one of the most researched upconverting nanoparticle (UCNP) 41 

host material up to date. It is considered to be the most efficient nanoparticle in producing the 42 

visible luminescence when lanthanide ions (Yb3+-Er3+ and Yb3+-Tm3+) are doped in the host lattice 43 

to replace Y3+ in the structure.1,2 The visible light emission is obtained through stepwise energy 44 
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transfer mechanism between the sensitizer (Yb3+) and the activator (Er3+/Tm3+) ions when the 45 

upconversion material is excited with near-infrared radiation.3,4 This property is widely researched 46 

for potential use in bioimaging, theranostics and biomedical assays because the near infrared 47 

radiation induces minimal light scattering and creates no interfering background from 48 

autofluorescence in biological matrices.4–7 In addition, near-infrared radiation induces less damage 49 

to biological samples and penetrates deeper into tissue than the more commonly used ultraviolet 50 

radiation.  51 

One of the most pressing challenges with the biocompatible fluoride-containing upconverting 52 

nanoparticles is their surface functionalization as the most commonly used syntheses yield 53 

nanoparticles have hydrophobic oleate surfaces.5 While the surface functionalization eventually 54 

makes the nanoparticles dispersible in water for the use of applications such as biomedical assays 55 

and imaging, the actual contact with water reduces the emitted upconversion luminescence due to 56 

H2O vibrational energy loss processes and buffer induced disintegration of the fluoride-containing 57 

inorganic nanoparticles in low concentrations.8–12 Phosphate buffer is considered to be the most 58 

disruptive buffer for the fluoride containing nanoparticles as it is able to detach the lanthanide ions 59 

from the nanoparticle surface and form lanthanide phosphate and thereby increase the 60 

disintegration rate and change the surface topography of the nanoparticles.13,14 Strategies to 61 

overcome the disintegration by adding additional fluoride into the storing solutions of the 62 

nanoparticles or creating coatings such as phosphonate coatings, amphiphilic polymers, 63 

polyelectrolyte multilayers and polysulfonate cappings have been reported.14–19    64 

Polyelectrolyte multilayers with varying structures have been studied in water based applications 65 

as separation membranes due to their versatility in gas or liquid separation as well as 66 

nanofiltration.20 Poly(sodium-4-styrene sulfonate) (PSS)/poly(diallyldimethylammonium 67 
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chloride) (PDADMAC) multilayer structures have been reported to selectively separate fluoride, 68 

chloride and phosphate ions.21,22 This motivated us to study if similar coating could be 69 

manufactured on the NaYF4:Yb3+,Er3+ UCNP surface using the layer-by-layer technique as it 70 

would be beneficial to block the phosphate from the buffer to interact with the surface of the 71 

inorganic nanoparticle. To study the effect of the coating on the UCNP core material, a number of 72 

bilayers from PSS and PDADMAC polymers were manufactured on the UCNP surface. Because 73 

the counterion used in the polyelectrolyte solutions affects the swelling properties of the thin film 74 

we used NaBr, NaCl or NaF to adjust the ionic strength of the polyelectrolyte solutions and studied 75 

their effect on the coating. 23,24  76 

 77 

MATERIALS AND METHODS 78 

Reagents.  79 

Poly(sodium-4-styrene sulfonate) (PSS; Mw 70,000, (C8H7NaO3S)n, Aldrich), 80 

Poly(diallyldimethylammonium chloride) (PDADMAC; 20wt-% in H2O, Mw 100,000-200,000, 81 

(C6H16ClN)n , Aldrich), Sodium fluoride (NaF, 99 % Fluka), Sodium bromide (NaBr, 99 % Alfa 82 

aesar), Sodium chloride (NaCl, 99,8 % VWR Chemicals), Potassium chloride (KCl, 99,5 % 83 

Emsure®), disodium hydrogen phosphate dodecahydrate (Na2HPO4·12 H2O, 99 % Merck), 84 

Potassium dihydrogen phosphate (KH2PO4, cryst. extra pure Merck). The Phosphate-buffered 85 

saline solution (PBS) with 10 mM HPO4- was prepared according to the protocol from Cold Spring 86 

Harbor Laboratory Press.25 87 

 88 

Materials preparation.   89 
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The upconverting nanoparticles with a composition of NaYF4:Yb3+,Er3+ (xYb: 0.17, xEr: 0.03) were 90 

prepared with the high temperature co-precipitation method.26 The crystallite size of the hexagonal 91 

structured UCNPs was ca. 23*28 nm (width*length) calculated from the X-ray powder diffraction 92 

patterns with the Scherrer equation (Table S1, Figure S1).27 To prepare the UCNPS for the layer-93 

by-layer coating the hydrophobic oleic acid ligands on the UCNP surface were removed with an 94 

acidic treatment.28,29 The polyelectrolyte coating solutions were 10 mM PSS or PDADMAC (the 95 

monomer concentration of polyelectrolyte) solubilized into 0.1 M of NaBr, NaCl, or NaF (aq). 96 

With NaBr and NaCl salts an additional 10 mM of NaF(aq) was added to each coating solution 97 

used including the water used for washing to ensure the survival of the core particle during the 98 

coating.18 The 10 mM NaF concentration is low enough that it does not interfere with the effect 99 

from 0.1 M counteranion solution. For the polymer solutions in which the ionic strength was 100 

adjusted with NaF(aq) no additional fluoride was used as the fluoride concentration was already 101 

high enough to ensure that the particle stays unharmed during the coating procedure.  102 

The coating using layer-by-layer assembly was performed by a procedure described in our 103 

previous paper and presented in Scheme 1.18 After varying the PSS and PDADMAC components 104 

during the layer manufacturing, an additional PSS layer was added as the outermost layer making 105 

the total number of formed bilayers to 1.5, 3.5, 4.5 and 5.5 creating multilayers of 106 

(PSS/PDADMAC)nPSS where the n equals the amount of bilayers before the outer PSS layer (1, 107 

3, 4 or 5). 108 

 109 

Scheme 1. Simplified scheme of the first cycle of the coating process for PSS and PDADMAC 110 

used for the upconverting nanoparticles. 111 

 112 
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 113 

 114 

Characterization  115 

The crystal structure of UCNPs was analyzed with X-ray powder diffraction (XRD) using a Huber 116 

G670 image plate Guinier camera (Cu Kα1 radiation 1.5406 Å) at room temperature. The 117 

measurement range in 2θ was 4-100° (step 0.005°) and the data collection time 30 min was 118 

followed by 10 data reading scans of the image plate. From the obtained data the crystallite size of 119 

the UCNPs was calculated with Scherrer formula using reflections (002) for the thickness and 120 

(200) for the length of the hexagonal faces.27 The Fourier transform infrared (FT-IR) spectroscopy 121 

was used to study the removal of the oleic acid and the growth of polyelectrolyte coating on the 122 

UCNP surface. A Bruker Vertex 70 MVP Star Diamond setup with 32 scans between 450 and 123 

4500 cm-1 was used with a resolution of 4 cm-1. For the thermal analysis a thermogravimetric 124 

analysis with differential scanning calorimetry (TGA-DSC) was measured using one measurement 125 

sample with a TA Instruments SDT Q600 TGA-DSC apparatus. A temperature range of 35 to 600 126 

°C was used with a heating rate of 10 °C/min in air (100 ml/min). For this setup the error of weight 127 

is ca. 1 %. The images of the UCNPs were obtained with JEM-1400 Plus 120 kV transmission 128 

electron microscopy (TEM) using OSIS Quemesa 11 Mpix bottom mounted digital camera 129 

(University of Turku) and JEOL JEM-2200FS 200kV equipped with Energy-dispersive X-ray 130 

spectroscopy detector (EDS) (OtaNano Microscopy center, Aalto university, Espoo, Finland).  131 
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The disintegration of the nanoparticles in aqueous environment was studied using a fluoride 132 

selective electrode to measure the fluoride ions disintegrated from the inorganic structure. The 133 

measurements were made in both PBS and NaCl spiked H2O (same as the PBS, 0.14 M NaCl(aq)). 134 

1 ml of H2O or PBS was added into known amount of nanoparticles (ca. 2 mg) and the dispersion 135 

was transferred into dialysis tube (MWCO 6-8 kDa). The dialysis tube and its contents were then 136 

added into the aqueous measurement solution of H2O or PBS (total volume 50 ml) and the release 137 

of the fluoride ions into the solution was monitored automatically for 24 hours. The obtained 138 

fluoride release curves were extrapolated to equilibrium (1000 h) using the basic 1st and 2nd order 139 

exponential growth functions in OriginLab 2016 software.  140 

The luminescence of the nanoparticles was measured using a IFC-975-008 continuous wave fiber 141 

laser (Optical Fiber Systems Inc.) with excitation wavelength of 975 nm (10 270 cm-1). 142 

Measurements were made from dry materials stacked densely inside a rotating capillary tube using 143 

90° measurement conformation between the excitation and the emission. For the upconversion 144 

luminescence a 750 short pass filter was used after the sample to exclude the laser. The signal was 145 

guided into Avantes Avaspec HS-TEC spectrometer and measured for 20 ms using 20 averaging 146 

scans. For the luminescence in the NIR-II region (900-1750 nm) a 850 long pass filter was used 147 

after the sample and the signal was collected with Avantes Avaspec NIR512-1.7-EVO 148 

spectrometer for 100 ms using 10 averaging scans. 149 

 150 

RESULTS AND DISCUSSION 151 

Coating of the nanoparticles 152 

Successful layer-by-layer coating of β-NaYF4:Yb3+,Er3+ upconversion nanoparticles (size ca. 153 

23*28 nm) using PSS/PDADMAC multilayers was performed following Scheme 1 after the 154 



8 
 

removal of the oleic acid capping. After the coating the FT-IR spectra of the nanoparticles have 155 

the characteristic vibrations of the used polyelectrolytes in the coating (Figure S2).  The 1040 and 156 

1182 cm1 vibrations can be assigned to symmetric an antisymmetric vibrations of SO3- in PSS.30 157 

The SO3- group is also expected to give rise to the 1410 cm-1 vibration. The 1010 and 1128 cm-1 158 

vibrations are due to the benzene ring in PSS, the first from in-plane bending and the latter from 159 

in-plane skeleton vibrations. In addition to the benzene ring in PSS there are remaining C-H 160 

vibrations at 1465 cm-1 from PDADMAC and PSS backbone, indicating the possible oleic acid 161 

impurities on the core particle surface. The bending of C-N in PDADMAC is reported to occur at 162 

1635 cm-1 but as the area is also common for various other vibrations such as C=C bending, it is 163 

not as clear indication of the polyelectrolytes as the SO32- group .31,32 164 

 165 

Figure 1. Integrated area of 420-530 °C differential scanning calorimetry (DSC) temperature 166 

difference curve corresponding to the polyelectrolyte degradiation with the number of coated 167 

bilayers with their respective counteranions (F-, Cl- and Br-).  The lines are only a guide to the eye.  168 

 169 

The thermal analysis of the coated nanoparticles was used to confirm the growth of the coating on 170 

the nanoparticle surface. The increase in the coating could be observed as a mass decrease in the 171 
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nanoparticles during heating due to organic components (Figure S3). In addition, decomposition 172 

of the polymer material can be observed by the differential thermal analysis as an increase in the 173 

temperature difference between 400–500 °C (Figure 1, S3). The differences in the peak shape with 174 

the counteranions F- and Br- when compared to Cl- are expected to arise from the differences in 175 

the polymer composition within the bilayers as both layer components undergo disintegration close 176 

to 500 °C. It has been noted that in thin film formation on a flat surface, the PDADMAC 177 

overcompensates and penetrates the PSS polymer structure deeper.33 This results in a multilayer 178 

structure where there is more PDADMAC component present. It is possible that this kind of 179 

overcompensation is observable on these multilayers and that it begins earlier with multilayers 180 

prepared using Cl- counteranion than with F- or Br- in which the shoulder can be seen to disappear 181 

at 5.5 bilayers of coating. The overcompensation of PDADMAC could also be the reason for the 182 

bigger mass decrease in the coatings made with Cl- counteranion.  183 

 184 

  185 
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Figure 2. HR-TEM image 5.5 bilayers of (PSS/PDADMAC) on the UCNP surface coated using 186 

Cl- as the counteranion. 187 

 188 

To further clarify the presence of the multilayer coating, high-resolution TEM imaging was 189 

performed for the coated material with 5.5 bilayers of PSS/PDADMAC deposited with Cl- 190 

counteranion as the thermal analysis suggested it to have the biggest mass in the coating. The HR-191 

TEM confirmed ca. 2 nm thick coating on the nanoparticle surface (Figure 2) explaining why it 192 

was not detectable from the normal TEM images (Figure S5). An EDS spectrum was also recorded 193 

to confirm the presence of the polymers on the material surface (Figure S6). 194 

 195 

Survival of the core particles’ luminescence 196 

Regardless of the number of coated bilayers or the counteranion used in the process, all coated 197 

nanoparticles showed the green (2H11/2, 4S3/2 → 4I15/2, Er3+) and red (4F9/2 → 4I15/2, Er3+) 198 

upconversion luminescence obtained from the Yb3+-Er3+ pair when excited at 975 nm (10 256 cm-199 

1) (Figure S7). The small energy difference between the energy levels of 2F5/2 (Yb3+) and 4I11/2 200 

(Er3+) with the laser excitation is the requisite of an efficient energy transfer mechanism behind 201 

the obtained upconversion luminescence. In addition, the conventional downshifting NIR II 202 

luminescence from 4I13/2 → 4I15/2 (Er3+) can be observed from all of the materials (Figure S8).  203 

 204 
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         205 

 206 

Figure 3. The upconversion luminescence spectra (λexc: 975 nm) of the most luminescent 207 

(PSS/PDADMAC)nPSS coated nanoparticles (A) and the integrated upconversion luminescence 208 

(UCL, below) development with their respective number of bilayers (B) and the used counteranion.  209 

 210 

As expected, the upconversion luminescence was enhanced up to certain number of bilayer coating 211 

due to the shielding of the core material and then again decreased due to quenching from 212 

interlocked water (Figure 3, S7).12,19,34 The counteranion used in the coating process was expected 213 

to play a role also in the upconversion luminescence intensity due to the different hydration 214 

properties of the anions as well as their effect on the thickness and penetrability of the bilayers. 215 



12 
 

With counteranions F- and Cl- the most efficient upconversion luminescence came with materials 216 

having (PSS/PDADMAC)4PSS structured coating on the surface. With Br- the upconversion 217 

luminescence intensity was enhanced up to 5.5 bilayers of coating which differed from the other 218 

anions used. This would suggest that the Br- binding to PDADMAC can keep the water molecules 219 

away from the core material and attached closer to the counterion in the coated polymer matrix.  220 

The red-to-green (RtG) upconversion luminescence ratio can give information about the cross-221 

relaxation processes that affect especially the green upconversion luminescence. With all of the 222 

counteranions the RtG ratio behaves similarly (Table S2) with the obtained upconversion 223 

luminescence, increasing up to a distinguished number of bilayers after the coating is grown on 224 

the surface. This suggests that there are interlocked water molecules within the structure which are 225 

participating the upconversion luminescence process by quenching the luminescence 226 

pathways.12,34 When excitation power and upconversion luminescence intensity are plotted into 227 

log-log scale and their slope is calculated, the value of the slope corresponds to the amount of 228 

needed photons to produce the measured upconversion luminescence.  With the PSS/PDADMAC 229 

coated materials the slopes for the green upconversion emission varied between 1.9 and 2.2 and 230 

for the red upconversion emission between 2.0 and 2.5 (Table S3). The slopes for the emissions 231 

were similar to those obtained previously so the coating was not expected to interfere with the 232 

upconversion luminescence process.17,26   233 

The 1500 nm NIR emission (4I13/2 → 4I15/2) from Er3+ obtained from the coated nanoparticles was 234 

weaker from that of the core material with all of the coatings made using F- and Cl- as 235 

counteranions (Figure 4, S8). With the counteranion Br- the coating improved also the 1500 nm 236 

emission up to 3.5 layers of coating. It is probable that the 1500 nm emission is more affected than 237 

the upconversion luminescence by the presence of even small amounts of water molecules. This 238 
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is because the NIR emission (ca. 6540 cm-1) can be quenched by just two water molecule phonons 239 

(ca. 3300 cm-1 each), whereas the level absorbing the 975 nm excitation (10 255 cm-1) in both the 240 

upconversion downshifting experiments would require more than three such phonons. This energy 241 

level is the 2F5/2 of ytterbium that is responsible of the energy transfer and energy migration 242 

throughout the particle.35  243 

 244 

 245 

 246 

 247 

 248 

 249 
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  250 

 251 

Figure 4. Downshifting luminescence spectra (λexc: 975 nm) of the (PSS/PDADMAC)nPSS coated 252 

nanoparticles with Br- counteranion (A) and the integrated NIR II emission behavior (B) with their 253 

respective number of bilayers (n) and the used counteranion. 254 

 255 

Nanofiltration properties of the coating 256 

Fluoride selective measurements were conducted to investigate if the prepared PSS/PDADMAC 257 

multilayer coating was able to slow down the inorganic nanoparticle disintegration. As shown in 258 

Figure 5, the most efficient coating for slowing down the disintegration of inorganic core 259 

nanoparticles at the presence of the PBS was the material coated with (PSS/PDADMAC)4PSS 260 
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using fluoride counteranion. This is similar to the notion that adding fluoride ions into storage 261 

solutions of UCNPs prevents their disintegration.10 As the PSS/PDADMAC multilayers have been 262 

reported to have both phosphate blocking properties and filtering monovalent ions, it is unclear 263 

which property plays the key role in slowing the disintegration in PBS while for the measurements 264 

in spiked H2O only the monovalent ion filtration was expected to play a role.21,22  265 

 266 

Figure 5 The fluoride release rate curves of the best PSS/PDADMAC coatings on the UCNP 267 

surface in PBS and NaCl spiked H2O. 268 

 269 

The fluoride release curves obtained from the measurements made in NaCl spiked H2O were 270 

similar to those obtained previously with different polyelectrolyte coatings on upconversion 271 

nanoparticles (Figure S10).18 The shape of the fluoride release curves and the derivative of the 272 

release curves suggest that the fluoride release is controlled by the fluoride concentration in the 273 

solution as expected from the previous literature (Figure S10, S11).9,10,18 However, when the 274 

measurements were made in PBS, the shape of the curves (Figure S10, S11) is almost linear 275 

suggesting that the fluoride concentration has little or no effect on the disintegration of the 276 
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nanoparticles in phosphate buffer. The disintegration of the inorganic nanoparticle structure in 277 

PBS is expected to be driven by the attack from the phosphate ions directly to the available surface 278 

lanthanide ions to form lanthanide phosphates.9,15 This process subsequently exposes new fluoride 279 

ions available for disintegration. The filtration process and its deceleration can be seen as a change 280 

in the slope of the released fluoride as well as derivative release rates. The 10 mM additional 281 

fluoride used to prevent the particles from disintegrating during the coating process is also 282 

participating in the amount of released fluoride as well as the counteranion fluoride in comparison 283 

to the chloride and bromide used. Due to lack of resources only the most promising coatings were 284 

repeated for the measurement, but they performed similarly following the shape of the previously 285 

measured release curves. The error for this kind of ion selective in situ measurement is considered 286 

to be 10 % and this was minimized by calibrating the measurement setup before each measurement.    287 

While the PSS/PDADMAC multilayer coating slows down the disintegration of the inorganic 288 

nanoparticle, the disintegration continues until an equilibrium in the fluoride concentration is 289 

reached. This equilibrium can, however, be reached also within smaller region such as the 290 

membrane structure of the coating instead of the total solution volume. It seems that the coatings 291 

made with presence of counteranions F- and Cl- are the most stable coating in water and phosphate 292 

buffer. For example, while the 3.5 bilayers of (PSS/PDADMAC) coating made with Br- 293 

counteranion seemed to slow down the disintegration process in the beginning when in contact 294 

with PBS. However, if the fluoride release was extrapolated to the equilibrium it showed that the 295 

overall fluoride release from the same 3.5 bilayers of (PSS/PDADMAC) was almost 0.2 mM 296 

higher than that of the 4.5 bilayers of coating (Table S4).  This suggests that there could be strong 297 

swelling within the multilayers when incubating in water since water molecules can replace the 298 

Br- counteranion in the structure and interfere the ion selective properties of the multilayers.24,37,38  299 
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 300 

CONCLUSIONS 301 

We demonstrate that it is possible to grow ion selective polyelectrolyte multilayers with layer-by-302 

layer coating as protective coating for upconversion nanoparticles. In addition, they hinder the 303 

disintegration process of the inorganic structure prominent in aqueous environments widely used 304 

in biomedical applications such as in vitro assays and bioimaging. Changing the counteranion 305 

during the coating process allowed to further affect the formation and selectivity of the multilayers. 306 

As expected, we found a threshold individual to the used counteranion in which the ion selectivity 307 

and deceleration of the disintegration was the strongest. The threshold number of bilayers 4.5 for 308 

fluoride was found to be similar to those reported with self-standing or on a flat substrate 309 

manufactured polymer multilayers.21,22  310 

The strongest increase in upconversion luminescence intensity was obtained when the 311 

upconverting nanoparticles were coated with (PSS/PDADMAC)5PSS using bromide as a 312 

counteranion. Using fluoride or chloride as counteranion the best upconverting luminescence 313 

intensity was obtained from (PSS/PDADMAC)4PSS and (PSS/PDADMAC)3PSS, respectively. 314 

While the multilayers prepared using bromide were promising in their luminescence, their 315 

behavior when exposed to aqueous environment showed that it is possible that the multilayer 316 

swelled and did not function as desired. When nanoparticles were exposed to PBS buffer the 317 

material coated with (PSS/PDADMAC)4PSS using fluoride as the counteranion was superior 318 

compared to others. However, its performance in NaCl spiked H2O was not as good as the best 319 

chloride counteranion coated multilayers. 320 

Our study proves that nanofiltration through thin multilayer coatings could be used as a 321 

modification to decrease the disintegration of the upconverting nanoparticles in aqueous 322 



18 
 

environments and especially in PBS. Further studies are needed to demonstrate the usability of 323 

these polymer coated nanoparticles in different measurement matrices, but our study provides 324 

guidelines on the properties needed to be addressed when manufacturing this type of multilayers 325 

on nanoparticles.  326 

 327 

SUPPORTING INFORMATION 328 

Additional characterization data for materials (XRD analysis, FT-IR spectra, thermal analysis, 329 

upconversion luminescence spectra) are available in the supporting information.  330 
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