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Abstract

Recently, the interest in applying fluorescent diamond particles (FDPs) containing nitrogen-vacancy (NV) centers
for enhancing the mechanical and chemical properties of some materials, biological imaging, and sensing is
expanding rapidly. The unique properties of NV- centers such as intensive, time-stable fluorescence, and an
electron spin, which exhibits long coherence time and may be manipulated using external stimuli, such as pH,
make them a perfect candidate for a quantum-effect-based sensing platform. However, monitoring of the local
changes with the use of the nonmodified diamond particles has certain limitations, therefore, to enhance their
sensing properties, in this work, the covalent functionalization of the FDPs’ surfaces with poly-L-Lysine (pLys)
(NV-pLys) is presented. The FDPs’ surface is functionalized in an anhydrous environment, and successful
attachment is confirmed by Fourier-transform infrared spectroscopy (FT-IR). As the pLys undergoes pH-triggered
changes of conformation, it also induced changes in the diamonds’ surface charge, therefore modulating the
fluorescence, and finally as a result enhanced NV-pLys pH-sensitivity. Further investigation of the zeta potential,
particle size, and contact angle reveals remarkable colloidal stability and superior wettability of the NV-pLys over
a wide range of pH what also may significantly affect NV-pLys biocompatibility. These findings open new

possibilities for the construction of biocompatible, stable, and highly sensitive nanosensors.
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1. Introduction

Fluorescent diamond particles (FDPs) containing negatively charged nitrogen-vacancy (NV") color centers due to
their distinctive nature are widely used in many disciplines including material science, energy, environment, and
biomedicine [1]. NV centers exhibit strong and stable fluorescence. Moreover, the electronic spin of these
centers is sensitive to magnetic field [2,3] and temperature [4,5]. Diamond particles are characterized by
biological and chemical inertness [1], as well as large and easy-to-functionalize surfaces [6]. All these features
make FDPs widely used for optical detection and imaging of biological matter [7, 8]. They were being used alone
—in a form of suspension - or as an addition for materials such as bone implants [9,10]. Fluorescent defects in
the crystal lattices of the diamonds are highly photostable; however, they may change their chemical and optical

properties according to the changes in a highly complex biological environment around the crystal.

One of the key factors influencing the applicability of the diamonds containing NV™ centers to biosensing is the
pH of surrounding media. Since oscillations of NV" electron spin are used to determine external magnetic fields,
their pH dependency is crucial for the accuracy and the resolution of the measurements. A particular pH change,
in turn, is associated with chemical and biological events of interest [11]. For example, the values of both the
extracellular and intracellular pH of tumors, are acidic in the range of 6.4—7.0, while for healthy cells (brain
tissues, subcutaneous tissues, etc.) pH values are found in the range of 7.2-7.5 [12]. A local drop in pH is also a
common feature of inflammation of the soft as well as hard tissues around, e.g., bone implants [13]. Therefore,
it becomes increasingly important to find and ascertain the aspects of NV- centers' behavior in a variety of
environments before utilizing them as biosensors, or imaging agents because regardless of pH, the fluorescence
of NV centers must be intensive enough to be easily detected inside different biological systems. The NV center
provides several readout options. First, optical measurement of spin-lattice relaxation time of NV- centers
[14,15] and spectral shifts of the NV zero-phonon lines (ZPLs) [16]. Some of the approaches also included the
connection of FDPs with a smart responsive polymer transducer/surface functionalization which has been used

for pH measurements [15,17,18] which extended the measured pH range.
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Alongside exploring the issue of the impact of pH on NV, it is crucial to circumvent the negative aspects
associated with FDPs toxic behavior and interference with cell activities. Besides the biocompatibility, the crystal
should be precisely designed and functionalized in a way to control properties such as rigidity, surface charge,
topography, and wettability, which, in turn, control and affect cellular functions and behavior. Most studies have
shown that hydrophilic surfaces tend to enhance the early stages of cell adhesion, proliferation, differentiation,
or bone mineralization compared to hydrophobic ones [19]. Although the majority of published works report
FDPs as biocompatible based on cell [20] and animal [21] studies, several recent works document their toxic
effects both in vitro [22] as well as in vivo [23,24]. Reported findings indicate that FDPs’ biocompatibility should
not be overgeneralized. An FDPs’ biological response strongly depends on their size, shape [25], as well as
functional groups on their surface. However, since they have tailored surface chemistry, their toxicity partially

can be managed through surface modification with biological molecules.

Recent studies [26] have shown the advantages of surface modification with poly-L-Lysine (pLys) since it is highly
efficient, biocompatible, widely available, and promotes cellular internalization. pLys is the polymeric form of
the naturally occurring amino acid L-Lysine and its degree of polymerization can be easily controlled by obtaining
different shapes and molecular weights. To date, the pLys-functionalization has been utilized on the FDPs to
control aggregation and ensure long-term stability of the diamonds’ dispersions [27]; provide noncovalent
surface amination [28]; enhance their biocompatibility[20], and prepare their surface for gene carrying [29]. The
FDPs’ surface can be modified with pLys in two ways. Firstly, using noncovalent adsorption on the particle’s
surface through electrostatic interactions and van der Waals forces [28]. Although it is easy to achieve, it may
lead to desorption and competitive displacement of active moieties in a complex biological environment,
therefore compromising the long-term stability of the system. Secondly, a covalent conjugation — which
overcomes deficiency — by permanent immobilization of the pLys on the surface to create a controlled and
relatively stable functionalized system [20]. Moreover, owing to its conformation, pLys is also an excellent, yet
probably the simplest model of peptide which undergoes a remarkable pH-induced conformational transition.
At acidic or neutral conditions, pLys chains adopt a relaxed, random coil conformation, while adopting a-helix
conformation owing to the deprotonation of lysine residues of pLys under alkaline conditions. Figure 1 presents

the explanatory model of pLys conformations depending on pH of the medium.
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In this work, we show that the level of the fluorescence signal emitted by NV- defects embedded in the FDP
structure depends on external pH. However, monitoring of pH changes using a mechanism of charge transfer
between nitrogen-vacancy centers is limited with nonmodified, carboxylated FDPs (NV-COOH). To widen the
measurable pH range of the particles their surface has been covalently functionalized with the use of pLys (NV-
pLys). Considering pLys properties, the functionalization modulated the FDPs’ surface charge, therefore enabling
monitoring of the pH in a broader range. Noteworthy, NV-pLys demonstrated also remarkable stability over a
wide range of pH and superior wettability. This may significantly improve NV-pLys biocompatibility for a variety

of biomedical applications, as hydrophilicity influences biocompatibility.

2. Methods

Materials and Chemicals: Carboxylated, fluorescent diamond particles (labeled NV-COOH in this study) with an
average particle size of =750 nm have been purchased from Adamas Nanotechnologies, USA. Poly-L-Lysine 0.1
% (w/Vv) solution in H20, N,N-Dimethylformamide (DMF), hydrochloric acid (HCI), sodium hydroxide (NaOH), and

N,N'-Diisopropylcarbodiimide (DIC) have been purchased from Sigma-Aldrich.

2.1 Modification of the diamonds with poly-L-lysine

To attach pLys to the surfaces of the diamonds, NV-COOH were suspended in DMF in 2% (w/w) concentration.
The suspension was treated in the ultrasonic bath (Polsonic Sonic-3, 40 kHz) for 30 minutes to disaggregate the
particles and homogenize their distribution. Next, 2.5 mL of the suspension and 100 pL of N,N'-
Diisopropylcarbodiimide (DIC) were added to a flask containing 5 mg of previously lyophilized pLys. The reaction
mixture was stirred overnight at room temperature. Then the desired solid product (NV-pLys) was obtained by
centrifugation (5000 rpm, 5 min), washed with DMF, and then four times with methanol, every time being

isolated by centrifugation and dried under a stream of air.

2.2 XPS

The elemental surface composition was determined by high-resolution X-ray photoelectron spectroscopy (XPS)
with the monochromatic Al Ka source with pass energy 20 eV and 650 um diameter spot size (Escalab 250Xi,

ThermoFisher Scientific). Charge compensation was done using the Ar+ ions flood gun. Spectra were recorded
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for C1s and N1s peaks. Normalization of binding energy for the peak characteristics of Cls (284.8 eV) was

performed. The data analysis was performed using Avantage software provided by the manufacturer.

2.3 Preparation of the diamond suspensions with a wide pH range

To carry out statistical research on the precise influence of pH on the physical properties of NV centers contained
in NV-COOH and NV-plLys, 11 solvents with integer values of pH in the range of 2.00-12.00 were prepared to
serve as dispersion media for the diamonds. The solvents with pH from 2.00 to 6.00 were prepared by adding
0.1M HCI to deionized water, while the solvents with pH from 7.00 to 12.00 resulted from mixing deionized
water with 0.1M NaOH. In each case, the volumes of water, and HCl or NaOH were chosen experimentally, while
constantly monitoring the resulting pH of the solvent with the use of the Mettler Toledo pH meter equipped
with the InLab Expert Pro-ISM electrode. An aqueous suspension of NV-COOH with 0.2% (w/w) concentration
was subjected to the ultrasonic bath for 30 min, and then individually mixed with a portion of every one of the
11 solvents in 1:1 volume ratio, thus creating diamond suspensions with diverse pH and identical concentrations
of the particles. Three identical suspensions were made from each of the 11 solvents. Dried diamonds modified
with poly-L-lysine (NV-pLys) were dispersed in every one of the 11 solvents in 0.1% (w/v) concentration. The
particles were disaggregated first in the ultrasonic bath for 45 min, and then with the ultrasonic homogenizer
Bandelin Sonopuls HD 4200 equipped with TS 106 sonotrode. The homogenizer was adjusted to work in a pulsed
mode with 0.5-second work step and 0.5-second idle step. Every NV-pLys suspension was homogenized for a
total time of 10 minutes, which equals to 5 minutes of active transmission of the ultrasound. The resulting pH
values of all prepared suspensions (NV-COOH and NV-pLys) have been measured and are summarized in Table

1.

Table 1. pH values of the diamond suspensions.

Suspension pH of the solvent pH of the suspension
NV-COOH 2 2 2.32
NV-COOH 3 3 3.34
NV-COOH 4 4 4.38
NV-COOH 5 5 5.37
NV-COOH 6 6 5.82
NV-COOH 7 7 6.53
NV-COOH 8 8 6.33
NV-COOH 9 9 6.41
NV-COOH 10 10 6.77
NV-COOH 11 11 10.27
NV-COOH 12 12 11.64
5
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NV-pLys 2 2 2.30
NV-plLys 3 3 6.68
NV-plLys 4 4 7.77
NV-plLys 5 5 7.91
NV-pLys 6 6 7.55
NV-plys 7 7 7.82
NV-plys 8 8 7.94
NV-plLys 9 9 7.96
NV-pLys 10 10 8.62
NV-pLys 11 11 10.43
NV-pLys 12 12 11.93

2.4 Fluorescence measurements

Fluorescence spectra were measured by means of a custom-built laboratory setup equipped with a 532 nm laser
excitation source (Nd:YAG SHG laser Millenia, Spectra Physics) operating at the power level of 0.2 W. The
emission spectra were recorded utilizing a 0.3 m monochromator (SR303i, Andor) equipped with 600 groves/mm
grating and ICCD detector (DH740, Andor). Samples were analyzed in a quartz cuvette excited with a laser beam
at an angle of 45 degrees. The fluorescence was collected using a quartz lens end focused on the entrance of an
optical fiber. The band-pass filter (0G570, Schott) was used in the detection path to eliminate the laser radiation.
The solvents prepared to serve as dispersion media for the diamonds were examined first. The signals registered
from the solvents could later be subtracted as background photoluminescence from the spectra of the diamond
suspensions. Therefore, it was possible to present spectra depicting only the fluorescence coming from the
diamonds themselves. Every suspension (NV-COOH and NV-pLys) was measured 3 times to check the stability of
the intensity of the fluorescence over time. The time interval between successive measurements of the

fluorescence for a single suspension has been set to 60 seconds.

2.5 Particle analysis

The zeta potential (¢) of NV-COOH was measured in 2—12 pH range using the NanoBrook Omni analyzer equipped
with the BI-ZTU Autotitrator (Brookhaven Instruments, USA). For this purpose, the diamonds had been
suspended in 0.1M HCI. The zeta potential of the suspension was measured at its starting pH, and then the pH

was being gradually increased while the analyzer was registering the values of Z.

Particle size distributions and T of NV-pLys were examined in the broad range of pH using the Zetasizer Nano ZS

analyzer (Malvern Panalytical, UK) equipped with a 632.8 nm laser and a narrowband filter (ZEN9062). The
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suspensions were stirred at 500 rpm for 5 min using the VELP Scientifica TX4 digital vortex mixer prior to the
measurements. Every suspension was placed in a high concentration cell (ZEN1010) and measured at 25°C using

backscatter detection (173°) for particle size analysis, and forward detection (13°) for a determination of T.

Five measurements of the particle size distributions were taken for every suspension, with a single measurement
consisting of 12 scans. The results were analyzed for the mean particle diameter aka Z-Average (d) and
polydispersity index (PDI), both given by cumulants analysis of the scattered signal. Since PDI includes
information on the standard deviation of the distribution[30], the value of PDI averaged from 5 measurements
was used to determine the standard error of the mean. The measurements of { were repeated 5 times for every

suspension, with a single measurement consisting of 22 scans.

2.6 Contact angle

Measurements of the contact angle of the tested suspensions were made by applying drops with a capacity of
2-4 pl on both Ti-6Al-4V and PTFE surfaces. Then, using a drop shape analyzer DSA100 (KRUSS, Germany)
equipped with a high-resolution camera, the measurements of the contact angle on both sides were made,
repeating the measurement 30 times. The shape of the drop was modeled using ADVANCE software and the
Young-Laplace method, obtaining contact angle results for all samples. Moreover, using the pendant drop
method, the surface tension of the tested suspensions was measured([31,32]. An experiment was also carried
out on diamonds-modified Ti-6Al-4V plates to determine the effect of deposited particles on wettability. A drop
of about 15-20 pul was deposited on the plate and left for 15-20 minutes to dry. Then the water contact angle
(pH=1.5; 7 and 11.5) on these spots was measured. In this way, we imitated the deposition of the particles when

measuring the contact angle on the reference PTFE surface.

3. Results and discussion

3.1 Synthesis and molecular structure of pLys-functionalized diamonds

The synthesis of pLys-functionalized FDPs was carried out in dimethylformamide (DMF) used as a polar aprotic
solvent. It is worth mentioning that utilized methodology including chosen set of solvents (Section 2.1) assures

the absence of unreacted pLys at the FDPs’ surface. To confirm the particles’ surface modification and determine
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the plys structure, the NV-COOH, functionalized NV-plLys, as well as plys itself, were characterized by FT-IR

spectroscopy (Fig. 2A).

First, the FT-IR spectra of plLys, indicated by the green line, were characterized. The peak observed at 3430 cm™
corresponds to the stretching vibrations of secondary amide and side-chain amine NH2 groups. Next, the bands
observed at 3288 cm™ are associated with the stretching vibrations of charged side chain NHs* groups[33]. At
3054 cm®, 2939 cm™®, and 2856 cm® bands related to C-H stretching modes of C-H and CH: side chain groups
can be observed. Moreover, at 1652 cm™ and 1627 cm® the characteristic bands of the secondary amide group
(O=C-NH-C) assigned to stretching vibrations are present. Based on the location of these bands, the random coils
in the plys structure can be suggested[34]. The band appearing at 1546 cm™ corresponds to deformation
vibrations of N-H groups present in the secondary amide group. Next, the bands appearing at 1394 cm™ and
1176 cm™ correspond to symmetrical bending and skeletal vibrations of the C-H group. Finally, the signal at 1207

cm is associated with the stretching and vibrations of the C=0 group.

Next, the FT-IR spectra of NV-COOH were analyzed (indicated by the black line). In this case, we could clearly
distinguish three bands. First, the band observed at 3511 cm™ is associated with the stretching vibrations of —
OH groups [28]. Second, bands at 2924 cm™ and 2854 cm related to the CH2 groups. Third, the band positioned

at 1744 cm™ is related to stretching vibrations of C=0 groups [35].

The FT-IR spectra obtained for NV-pLys (indicated by the red solid line) indicate the effective functionalization
with pLys. The intensity of the obtained IR bands clearly suggest the high efficiency of performed modification.
Moreover, the broad absorption bands observed in the region from 3655 cm™ to 3120 cm™ may be associated
with intramolecular hydrogen bonds occurring at the diamond’s surface [35]. Furthermore, the band at
848 cm, may be associated with the stretching vibrations of C—-N present in FDPs’ [36]. All the above facts

confirm the presence of covalently attached pLys at the FDPs’ surface.

The XPS analysis was performed to additionally determine the chemical composition of pLys-modified particles.
High-resolution XPS spectra performed for C1ls and N1s are shown in Fig. 2B, C, and E. The charge shift was
corrected by referencing to the adventitious C1s peak at 284.8 eV. Five elementary peaks were proposed for the

C1s spectrum and two for the N1s spectrum to perform deconvolution.
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For carbon, deconvolution was used assuming the presence of sp2 and sp3 hybridized carbon and the C-O and
C=0 impurities in NV-COOH sample (Fig. 2B) [37]. In the case of the NV-pLys sample, the model had to be
extended with an additional peak related to the presence of the NC=0 groups [38]. The amino groups from pLys
could be observed at an energy close to the C-O bond (285.7 eV) (Fig. 2C). A model with two forms of nitrogen
(NH-C at an energy of 399.3 eV and NC=0 at an energy of 401 eV) was achieved for NV-pLys revealing poly-L-
lysine structure similarly to presented previously in [39] (Fig. 2E). No nitrogen was detected in the NV-COOH

sample.

The interpretation of the peaks has been summarized in Fig. 2D where the atomic content of each form of carbon
and nitrogen have been listed. In the NV-pLys sample, the content of carbon-nitrogen bonded species is
considerably increased due to pLys presence. Changes between the bare and the functionalized samples clearly

manifest that the FDP’s surface was effectively functionalized with pLys.

3.2 Fluorescence studies of NV-pLys in the function of pH

All measurements have been conducted within the pH range 2-12. The range has been adjusted based mainly
on the behaviour of pLys at different pHs and its pKa values which are equal to 2.18, 8.95 and 10.53. Based on
these values and chosen immobilization method the changes in the pLys conformation below pH 2 and above
pH 11 are not expected. Fig. 3A depicts fluorescence spectra emitted by the NV-COOH. Taking the readability of
the graph into consideration, the spectra of every second sample are presented. Each spectrum has been
averaged from 3 measurements. At the wavelength of 637 nm, all spectra have local extremes (as indicated in
Fig. 3A), which are the zero-phonon lines (ZPLs) of the negatively charged nitrogen-vacancy centers. The 1%t and
2" phonon sidebands are also noticed as the next two local maxima in the spectra. As can be seen in Fig. 3A,
the intensity of the emitted fluorescence increases along with increasing pH until it reaches a value of 6. This
increase is related mainly to the dissociation of the carboxyl groups. These results correspond with observations
of H. Raabova et. al. [18]. However, with the transition of the pH from acidic to alkaline, ZPLs’ intensity decreases
and is not variable up to pH 10. At pH values > 10 ZPLs’ intensity slightly decreases, which may be associated
with an increased amount of OH" ions. Figure S1 in Supplementary information shows the photon counts
registered at 637 nm (the zero-phonon line of NV- centers) plotted versus the initial pH of the dispersion media.
Furthermore, a statistical analysis of the pH-induced changes has been carried out (Figure S2). Except for one

result obtained for pH = 7, all the results fall within the reasonable extremes. The changes registered within both

9
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acidic and alkaline ranges (excluding changes in the fluorescence intensity between pH =9 and pH = 10 and

between pH =10 and pH = 11) are statistically significant (p<0.05).

Fig. 3B depicts the fluorescence spectra of the NV-pLys suspensions in different pH values. First, what can be
noticed is the overall decrease in the intensity of the signal. The two orders of magnitude drop comparing to the
previous measurements presented in Fig. 3A can be attributed to the chemical functionalization and immobilized
protein, which physically masks some functions of the particles. However, it can be also attributed to the cationic
character of pLys, which led to a depletion of NV~ occupancy, thus decreasing its emission intensity. As in the
previous case, the ZPLs of the NV- centers, as well as the 1t and 2" phonon sidebands, are visible. Except for the
intensity changes we do not observe any shifts in the ZPLs. However, in contrast to the case of NV-COOH, the
intensity of the fluorescence emitted by the NV- centers vary with pH change, and therefore, based on these
values no general trend can be identified. What needs to be emphasized is the fact that the final fluorescence

signal in both investigated cases is a result of the surface charges and the pH of the surrounding environment.

To further elucidate the nature of this process, we have studied the NV/NV° ratio of intensities at NV° ZPL (575
nm), at NV- ZPL (637 nm), and its dependence on pH (Fig. 3C). The ratio has been calculated by the readout of
the maximum photon counts at the wavelength of 637 and 575 nm, and finally by dividing the obtained values.
In terms of NV-COOH (black line), we can notice the monotonous decrease in the pH range from 2 to 8 which is
mainly caused by the dissociation of the carboxyl groups and the presence of H* ions in the solution what results
in the depletion of NV center. The transition of the pH from neutral to alkaline increases the value of the NV~
/NVO ratio. This, in turn, can be associated with the increased amount of OH" radicals. The obtained results
indicate that the pH changes can be monitored with the use of the NV~ color centers within the range of 2-7,
which stays with the agreement to the work reported in [15]. However, taking into account the whole spectrum
of pH, it can be noticed, that with the alkaline pH (7-10), the signal increases. The increase, in turn, takes place

in the same range as the decrease in the acidic pH.

Unlike the carboxyl groups, in the case of NV-plys, the net surface charge except for pH of the surrounding
environment and groups on the particle’s surface is also the result of immobilized pLys’ charge and its
conformation. First what can be seen is the overall drop of the intensity ratio, the same as can be observed in
Fig. 3B. As a result of the pLys functionalization, the NV- gets depopulated first (pH 2-3), shifting the charge state
to NVO. Although the net charge of the pLys on the NV-pLys surface was positive at the pH value equal to ~2, the

10


http://mostwiedzy.pl

A\ MOST

relaxed/extended conformation of the pLys did not cover the diamonds’ surfaces, and thus, was not able to
affect the NV centers. Only after a further change of the pH, when the conformation transformed into the more
compressed one, drawing the positive charge closer to the particle surface, a significant reduction of the NV-
/NVO intensity ratio can be observed. Further increase of the pH along with conformational changes within the
structure of pLys lead to increasing the NV-/NVC intensity ratio, which indicated increasing visibility of NV centers.
The alkaline pH shrinks the pLys to its limits therefore the pLys crown compressed covering tightly the FDPs. It
needs to be mentioned that at pH higher than 10 the amino groups present in the side chain of the pLys lose
their positive charge, while the negative one appears on the carboxyl groups. However, considering the way of
pLys immobilization, the majority of carboxyl group are involved in anchoring the plLys at the FDPs’ surface.
Therefore, at higher pH (pH>10) the molecule loses its charge and acid-base properties what partially influence

and lower the intensity. This effect may be further enhanced by the presence of the OH" ions.

To conclude, the charge modulation of pLys covalently attached to the diamonds’ surface indeed induced NV
emission tuning increasing the responsiveness of the NV to the surrounding pH. It can be observed especially in
the area between 7 and 12, where the bare NVs, or NV-COOH showed little or no changes as reported in [14,40];

or as in the presented case, the changes are very similar to those obtained between pH 2 and 7.

3.3 pH-induced surface charge modulation of NV-pLys: { and particle size measurements

Zeta potential ({) measurements were conducted to further investigate the variation of the surface charge of

NV-COOH and NV-pLys as a function of pH and its influence on the stability of the particles (Fig. 4).

First, we have measured the zeta potential of NV-COOH. As can be seen in Fig. 4A, at low pH values the zeta
potential oscillates around 0 mV and is gradually decreasing with increasing pH, reaching a minimum value of
-27.09 mV at pH 11.55. The obtained results complement previously described fluorescence measurements and
mirror the ionization process of the carboxylated diamonds’ surface. The oxidized surface of NV is electroneutral
in acidic solutions, which makes the diamonds unstable and prone to aggregation. Once the pH increases, H*
ions become depleted from the solution as well as from the carboxyl groups present on the diamonds’ surface,
converting the particles into negatively charged and stabilizing them in the suspension, which is reflected by the

negative { value.

11
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Subsequently, NV-pLys were measured (see also Fig. 4B). What can be seen is the plLys has stabilized the
diamonds over a wide range of pH, providing effective colloidal stability. The T values of investigated cases
reached from 52.6 at pH 2, through 67.3 mV at pH 3, to approx. 54 mV for pH values ranging 4 to 10. With the
increase of pH, the zeta potential is gradually decreasing reaching a minimum value of -12.8 mV at pH 12 with
an isoelectric point around pH 11.5. Considering the structure of plys, the positive { values at acidic pH indicate
the protonation of the amino groups (NHs*) which originate only from immobilized pLys. The pLys carboxyl
groups (COOH), in turn, are fully protonated at low pH, thus they are noncharged. With increasing pH, the
negative { values are attributed mainly to the deprotonation of carboxyl (COO’) and amine groups (NHz). In the
case of the carboxyl groups, they can originate from both immobilized pLys as well as from free COOH groups
on the diamond’s surface. However, as it was mentioned in the previous Section, most of pLys’ carboxyl groups
are involved in anchoring the plLys at the FDPs’ surface. Therefore, at higher pH (pH>10) the molecule loses its

charge and acid-base properties what results in stability loss.

Besides the I measurements, we have also conducted the dynamic light scattering (DLS) analysis — to additionally
prove the stabilization of the NV-pLys functionalization. Figure 4B shows the mean particle size in the function
of pH (blue). Particles suspended in the solutions with the pH ranging from 2 to 10 show outstanding stability
with a mean particle size of approx. 712.44 nm what stays in agreement with a claimed average particle size of
utilized particles (Methods). Once the pH of the suspension has been changed to 11 and 12, particles reveal
significant agglomeration with aggregate sizes on the order of 1347.20 and 2029.20 nm for pH equal 11 and 12,

respectively.

3.4 Interactions of NV-pLys particles with surfaces

It is known that the presence of nanoparticles in the solution affects wettability and reduces the interfacial
tension (IFT) [42]. Wettability, in turn, is an important parameter that allows determining the biocompatibility
of the tested particles but also their interactions with different kinds of materials, which is of big importance in
the case of enhancing the properties of, e.g., implants. Therefore, we assessed a wide range of parameters based
on the phenomenon of wettability, the assessment of which will allow for a full characterization of the presented
structures in the context of their potential use as biomedical surfaces, as well as the impact of pLys modification

on this process. The parameters of the surface tension (SFT) and the contact angle (CA) (on PTFE) of diamond

12
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suspensions with different pH allowed to determine the surface free energy (SFE) with its components - disperse

and polar (Fig. 5).

The NV-COOH has shown a significant increase in hydrophobicity when switching from acidic to basic pH (Fig.
5A — indicated by the black points). The NV-COOH at pH 3 was characterized by the lowest value of the CA
(94.75°£0.94), and the highest value was registered for the NV-COOH at pH 12 (111.11°+0.37). The NV-pLys (Fig.
5A indicated by the red points) shown an exactly opposite relationship - an increase in hydrophilicity with

an (89.89°+0.29) was registered for pH 9, whereas the highest was recorded at pH 3 (100.62°+0.55).

What is also important to notice, surface tension (Fig. 5B) and surface free energy (Fig. 5C) take higher values
for NV-pLys. These values vary with pH change; therefore, no general trend can be established. If we look at the
individual elements of the surface free energy (Fig. 5D), there is a large variation between the studied particles.
NV-COOH are essentially characterized by similar values of the disperse (y°) and polar (y?) parts, with one of
these parts dominating only at extreme pH values (pH 2 and 12). On the other hand, NV-pLys mostly show high
values of the dispersion part with minimal polar part, indicating that most of the interactions are dispersive (van
der Waals, Keesom, Debye, London interactions). The polar part corresponds to Lewis’s acid-base interactions
and hydrogen bonds. The parameters except for determining the dominant type of interactions, perfectly mirror
the properties of functional groups present on the surface of investigated particles. Moreover, these values are
an important indicator showing the possibility of interaction with other individuals, such as organic and inorganic
analytes in sensory systems, as well as tissue components, in the case of materials with biomedical application
[31,43]. However, to determine if the two elements will interact, parameters such as the work of adhesion (WoA)

and the spreading coefficient (S) are needed (Fig. 6).

The values of the WoA obtained for all NV-pLys suspensions differ in the range from about 76 to 99 mN/m.
The highest values are for samples with pH 4-10, and the lowest for pH 12. As for the spreading coefficient (S),
there are only slight changes visible, and the negative values of which indicate poor wetting of the tested
surfaces. Here, too, the sample with pH 12 has the lowest value, while, interestingly, the highest value is pH 11.
Differences in IFT between these suspensions in the range of pH 2-10 gradually decrease. However, in the case
of a sample with pH 11, it is a significant change in this parameter and a sudden increase up to the value of 25.67

mN/m. Such variability of this parameter indicates a different degree of long-term adhesion of these suspensions
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but may also be the result of their different durability. Samples with pH 11 and 12 showed very low stability (Fig.

4), and the particles sedimented very quickly, which may explain the irregularities in the obtained results.

Subsequently investigated Ti-6Al-4V alloy is characterized practically only by its dispersion mode of interaction,
so polar interactions contribute negligibly to the reduction of IFT. Hence poor wetting and high contact angle.
Comparing the obtained results with the results obtained on PTFE, which is also a fully dispersive material (y° =
20 mN/m, y° = 18.4 mN/m, y°* = 1.6 mN/m), we see that the tested systems generally show lower interfacial
tension, probably due to a slightly higher proportion of polar interactions. Lower values indicate better long-
term adhesion for the Ti-6Al-4V sample than for PTFE. Comparing the results obtained for NV-COOH and NV-
pLys, we can see that the latter are much less sensitive to changes in pH. On the other hand, the changing trend
itself is the opposite of that in the case of nonmodified nanoparticles. This is evident, for example, when
considering the changes in IFT/calc. CA vs. pH. NV-COOH are characterized by an increasing value of the
interfacial tension going from acidic to basic pH. In addition, we also see an increase in the calc. CA value. Initially,
the values oscillate slightly below 90°, and in a strongly alkaline environment, they are close to 100°. On the
other hand, in the case of the WoA parameters and the S, the values for the modified particles are higher by
approx. 10-40% for WoA and 5-20% for S, and these values increase with increasing pH. This increase is
significantly higher for nonmodified particles. The observed differences in the behavior of NV-pLys particles are
caused on the one hand by the chemical nature of the groups present on the surface of these diamonds, but

also by the buffer capacity of the presented structures.

Next, the wettability of the plates with deposited diamonds was measured in three different pH values — key

values for pLys relating to its three ionization states (Fig. 7).

The obtained results show a significant influence of the deposition of the particles on the observed surface CA,
both in the case of NV-COOH and NV-pLys (Fig. 7). The deposition of the FDPs on the surface of the material
undoubtedly affects its wettability. In the case of NV-COOH (Fig. 7A), the CA is the highest (79.57°+0.82) for the
lowest pH because of the carboxyl groups’ protonation. At higher pH, the CA drops to 60.24°+0.84 due to the
ionization of the carboxyl group what makes the surface much more hydrophilic. Although we were expecting a
further decrease in the CA through the ionization of carboxyl groups, the CA increased reaching the value of
71.68°+1.75 at pH 10. This change could be attributed to the electrostatic attraction between the negatively
charged diamond surface and the compensating protons in the aqueous film [44].
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Nevertheless, the most significant changes are visible for NV-pLys (Fig. 7B). Considering fluctuations
corresponding to the experimental errors it can be stated that pLys-functionalized diamonds are not affected by
the pH changes. In all measured pH, the NV-pLys lowered the CA to ~ 35° which is ca. 57% less than for the blank
sample (TiAlV plate). It is worth noting that in the case of NV-COOH these changes did not exceed 20%. In the
NV-pLys case, the CA greatly reflects the influence of pH on the ionization of the plLys functional groups at the
diamonds’ surface. At low pH, the CA of solvents is determined mostly by amino groups which are all in NH3*
form. As the pH of the droplet increases, the amino groups begin to lose their charge, however, at the same
time, the ionization of carboxyl groups begins, therefore stabilizes the CA. The stable and highly improved

hydrophilicity of the material may directly correspond to their improved biocompatibility.

4. Conclusions

To summarize, we have successfully performed the carboxylated fluorescent diamond particles’ (FDPs’)
modification with poly-L-Lysine in an anhydrous medium, which was confirmed by XPS and FT-IR spectroscopy.
Next, we have analyzed the fluorescence specifically exhibited by the NV-defects embedded in the FDP structure
within a wide pH range. What turned out, the surface charge modulation, i.e., modification of the diamonds’
surface with plLys, changed its response, thereby the measurable pH range. Surface charge modulations were
further analyzed by the means of the zeta potential, particle size, as well as contact angle measurements. Our
results suggest that the modification with pLys — except for changes in the range of the responsiveness in terms
of pH measurements — firstly, provides high aggregation control, and long-term stability over a wide range of
pH. Secondly, the improvement of wetting properties may also increase NV-pLys biocompatibility. This indirect
tuning of the interactions between FDPs and biofluids prepares the diamonds to work in the cellular
environment, e.g., as a part of an implant, favoring early stages of cell adhesion. Moreover, free functional
groups of pLys could be also further utilized as a binding site aiming at, for example, the loading of bioactive
compounds, such as pro-osteogenic agents, drugs preventing bone resorption, or implant-related

inflammation/infections.
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Fig. 1 The explanatory model of poly-L-Lysine (pLys) attached to the diamond containing NV- color centers, and changes in
the pLys conformation depending on pH of the medium. Features are not to scale.
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Fig. 2 a) FT-IR spectra of 1) NV-COOH, 2) functionalized NV-pLys, and 3) pLys itself; High resolution XPS spectra of the C1s
peaks of b) the nonmodified, carboxylated diamond samples (NV-COOH) and c) pLys-modified-diamond suspensions (NV-
plys); e) the N1s peak of NV-pLys; d) Atomic composition of the NV-COOH and the NV-pLys.
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Fig. 4 a) Zeta potential vs. pH for nonmodified, carboxylated diamond suspensions (NV-COOH), and b) Zeta potential (red)
and mean particle size (blue) vs. pH for pLys-modified-diamond suspensions (NV-pLys).
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Fig. 5 a) Contact angle (CA), b) surface tension (SFT), c) surface free energy (SFE) and d) its polar and disperse components of
diamond vs. pH for nonmodified, carboxylated diamond suspensions (NV-COOH) and pLys-modified-diamond suspensions
(NV-pLys) measured on the reference PTFE.
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Fig. 6 a) Interfacial tension (IFT); b) calculated contact angle values (Calc CA); c) work of adhesion (WoA), and d) spreading
coefficient (S) of diamond vs. pH for nonmodified, carboxylated diamond suspensions (NV-COOH) and pLys-modified-diamond
suspensions (NV-pLys) measured on the reference PTFE.
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Fig. 7 Wetting properties of Ti-6Al-4V surfaces vs. pH for the deposited A) nonmodified, carboxylated diamond suspensions
(NV-COOH) and (b) pLys-modified-diamond suspensions (NV-pLys).
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