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Abstract

The present study describes a novel antimicrobial surface using anodic oxidation of titanium
and biofunctional detonation nanodiamonds (ND). ND have been loaded with antibiotics
(amoxicillin or ampicillin) using poly(diallyldimethylammonium chloride) (PDDA). Successful
conjugation with PDDA was determined by dynamic light scattering, which showed increase in
the hydrodynamic diameter of ND agglomerates and shift of zeta potential towards positive
values. The surface loading of amoxicillin was determined using UV–vis spectroscopy and the
maximum of 44% surface loading was obtained. Biofunctional ND were immobilized by anodic
oxidation within a titanium oxide layer, which was conﬁrmed by scanning electron microscopy.
The in vitro antimicrobial properties of ND suspensions were examined using Kirby-Bauer test
with E. coli. Modiﬁed titanium surfaces comprising biofunctional ND were evaluated with
E. coli inoculum by live/dead assay staining. Both biofunctional ND suspensions and modiﬁed
titanium surfaces presented inhibition of bacteria growth and increase in bacteria lethality.
Keywords: detonation nanodiamond, biomaterial, bone implant, antimicrobial surface, antibiotic
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

survival in antibiotics 100–1000 times higher concentrations
than the normal dosage necessary to inhibit freely swimming
bacteria [3]. In order to prevent in vivo bacteria attachment
and development, a high concentration of antibiotic can be
directly applied in the place of implantation combined with
intravenous administration antimicrobial agents after the
procedure [4–6]. In the commercial applications the antibiotic
immobilization is utilized by addition of antibacterial agents
to the bone cement. In this case, bone cement can act as a
drug delivery system with localized release directly to the
affected tissue. Antimicrobial agents such as gentamycin,
tobramycin, erythromycin, vancomycin, and colistin have
been added to the bone cement without any effect on its
mechanical properties [7]. However, the use of bone cement

One of the major problem arising from orthopaedic implant
surgery is the possibility of microbial infection, which leads
to inﬂammation and loosening of the implant-bone connection. The most effective way to protect the patient from
microbial infection is by preventing the bioﬁlm formation
onto the implant surface [1, 2]. The bioﬁlm consists of
polymers called extracellular polymeric substances, which not
only form a bacterial habitat, but also create a protective layer
against the antibiotics, UV radiation, dehydration, and host
natural immunity [2]. The bioﬁlm increases the bacterial
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as a ﬁxation material between implant and bone often leads to
implant loosening due to the constant cycling loading, fatigue
and shear forces which lead to the bone degradation at the
cement-bone interface [8]. This creates a strong need for new
immobilization techniques of antibiotics onto the implant
surface. The covalent boding of Vancomycin on the Ti surface was performed by Antoci et al [9]. However, the formation of covalent bond changes the structure and
conformation of active sites in the molecule. This reorientation of functional groups inﬂuences the active sites especially
in small molecules, which can lead to the loss of component
activity [10]. Used in the above mentioned research vancomycin with its molecular weight 1449.2 Da can be considered
as a big molecule. In case of amoxicillin and ampicillin, with
molecular weight of 365.4 Da and 349.4 Da respectively,
covalent bonding involving COOH group occurs close to the
active beta lactam ring which leads to conformational changes
of these antibiotics and to the suppressed mechanism of work.
In recent years, the focus on nanoparticles and nanodevices has advanced a wide range of biomedical applications:
drug delivery, bioimaging, diagnostics, therapy, and tissue
engineering [11–14]. Among the nanomaterials detonation
nanodiamonds (ND) have attracted considerable interest as a
potential platform for delivery of antibiotics due to their high
biocompatibility, low cytotoxicity, and presence of various
functional surface groups, which give numerous conjugation
possibilities with different drugs [12, 15, 16]. As reported by
Grausova et al nanostructured nanocrystalline diamond
(NCD) ﬁlms promote growth and differentiation of human
osteoblast like MG 63 cells [17]. Authors presented increased
cell proliferation and viability when compared to both ﬂat and
rough silicon substrates, polystyrene culture dishes and
microscopic glass coverslips and proposed that incorporation
of NCD ﬁlms onto Ti implant surfaces can lead to improved
osseointegration.
ND have been studied with regards to their antibacterial
properties in pristine form or upon conjugation with antibiotics as potential antimicrobial agents [18]. Wehling et al
examined the antibacterial properties of ND on Gram-negative Escherichia-coli and Gram-positive Bacillus-subtilis,
presenting that ND at concentration of 0.05 mg ml−1 possess
the same antibacterial properties as silver nanoparticles [19].
Lee et al conjugated ND with amoxicillin for gutta-percha
root canal therapy. The loaded gutta-percha exposed to Staphylococcus aureus resulted in bacterial death, while unmodiﬁed gutta-percha did not present an increase in bacteria
lethality [20]. Rouhani et al performed amoxicillin loading
onto polyethyleneimine (PEI) functionalized ND with stronger binding, obtaining by this resistant to multiple washing
steps conjugate [21]. However, this research did not give any
qualitative analysis of the antimicrobial properties of prepared
ND-PEI-amoxicillin conjugates.
In this work we propose a method for electrostatic
loading of amoxicillin and ampicillin onto the ND surface,
by using Poly(diallyldimethylammonium chloride) (PDDA)
with further immobilization of the biofunctional ND within
the titanium (Ti) oxide layer (ﬁgure 1). The modiﬁed Ti
surfaces were analyzed with E. coli and were found to exhibit

strong antimicrobial properties by causing contact-mediated
bacteria lethality.

2. Materials and methods
2.1. Reagents and chemicals

ND with average particle size of 4 nm were used for all
experiments and purchased from PlasmaChem Gmbh, Berlin,
Germany. Sodium hydroxide (MNaOH=40.0 g mol−1) and
potassium chloride (MKCl=74.6 g mol−1) were obtained
from Carl Roth GmbH Co. KG, Karlsruhe, Germany. The
Poly(diallyldimethylammonium chloride) (PDDA) solution
20 wt% in H2O, amoxicillin with potency 900 μg mg−1
(Mamoxicillin=365.4 g mol−1) and ampicillin 96%–102%
(anhydrous basis) (Mampicillin=349.4 g mol−1) were purchased from Sigma-Aldrich, St. Louis, MO, USA. The
ultrapure water (ddH2O) was obtained by using Direct-Q®
Water Puriﬁcation UV System from Merck KGaA, Darmstadt, Germany. Phosphate-buffered saline (PBS) was purchased from Merck KGaA, Darmstadt, Germany. The
ceramic grinding beads type ZY-P (yttrium stabilized zirconia) with a diameter of 100 μm were purchased from Sigmund Linder GmbH, Warmensteinach, Germany.
Commercially pure titanium (cp-Ti) discs grade 4 were
obtained from DOT GmbH, Rostock, Germany. A salt bridge
for anodization was prepared by using the capillary plastic
tube Tygon® LMT-55 from Pro Liquid GmbH, Überling,
Germany. Petri dishes with LB Lennox agar (pH 7.5) were
obtained from BIOTEC Dresden Genomics facility. Antimicrobial experiment were performed using E. coli GB05 and
E. coli K12. The Live/Dead Baclight Bacterial Viability Kit
for microscopy (L7007) was purchased from Invitrogen
Thermo Fischer Scientiﬁc, Waltham, Massachusetts, USA.
2.2. ND suspension preparation

In order to obtain stable and homogenous ND suspensions
two types of homogenization techniques were applied. One
group of NDs suspensions was exposed only to sonication
(indicated as ND*) and second group was treated with bead
milling and sonication (indicated as ND). Bead-milling was
performed by using the planetary micro mill Pulverisette 7
from Fritsch GmbH, Idar-Obestein, Germany. In brief, each
of two grinding bowls was ﬁlled with 15 ml of ddH2O, 0.75 g
of pristine ND, and 7.5 g of grinding beads. The milling was
performed in two cycles at 700 rpm, for 30 min for each cycle
with 10 min break in between. Grinding beads were removed
from ND by ﬁltration. Bead-milled ND were diluted using
ddH2O to ﬁnal concentrations of 1 mg ml−1 and 0.5 mg ml−1.
The suspensions were stabilized by pH adjustment using
NaOH [22]. After pH adjustment, the solutions were additionally exposed to 30 min of ultrasound treatment using
Sonoplus HD 2200 ultrasonic homogenizer from Bandelin
electronic GmbH and Co. KG, Berlin, Germany at 70% of the
device power. For the samples exposed only to sonication,
bead-milling step was not applied.
2

Nanotechnology 31 (2020) 205603

E Krok et al

Figure 1. Schematic representation of the: (a) biofunctional ND utilizing PDDA/amoxicillin. The conjugation was based on the electrostatic

interactions. Bare ND with negative charge (gray core) was conjugated with positively charged PDDA (red layer) and further with negatively
charged amoxicillin (blue layer), (b) immobilization of biofunctional NDs on the surface of the commercially pure Ti grade 4 by using anodic
oxidation. E. coli exposed to the modiﬁed surface presented the increased rate of lethality

measurement ND and ND* suspensions were exposed to
ultrasound water bath for 30 min. To determine the long term
stability of the suspensions, the experiment was repeated one
month later, but this time without applying ultrasound water
bath right before the measurements. The surface loading of
ND was determined using UV–vis–NIR Spectrophotometer
Shimadzu UV-3600 Plus with deuterium lamp for UV measurements and Tungsten halogen for work in the visible light
range.

2.3. ND conjugation with poly(diallyldimethylammonium
chloride) and antibiotic agents

A volume of 20 ml ND in concentrations of 1 mg ml−1 and
0.5 mg ml−1 was mixed with 20 ml of 20 mg ml−1 and
10 mg ml−1 PDDA, respectively. The suspensions were
further exposed to ultrasound (US) water bath for 30 min. The
obtained suspensions were equally distributed into 10 × 2 ml
microcentrifuge tubes. Centrifugation was done using highspeed centrifuge at 15.000 rpm for 30 min. After centrifugation, the supernatant was removed and each pellet was
resuspended in 2 ml of ddH2O. Washing was repeated two
times. After the last washing step, the pellet was resuspended
in 2 ml ddH2O and all solutions were collected.
Amoxicillin was suspended in ddH2O to obtain the ﬁnal
concentration of 1 and 0.5 mg ml−1. Washed and PDDA
functionalized ND pellets were resuspended in the corresponding concentrations of amoxicillin for 1:1 ratio. Samples
were incubated on the rotary shaker for 1 h and for 9 days to
compare the binding afﬁnity of amoxicillin. Subsequently,
ND suspensions were distributed into microcentrifuge tubes
and centrifuged at 15.000 rpm for 30 min. The supernatant
was collected to determine the amount of unbound amoxicillin by ultraviolet–visible spectroscopy (UV–vis). The area
under the curve (AUC) spectra for amoxicillin in water were
recorded at the wavelength range of 257–289 nm and the
calibration curve was used to determine an unknown concentration from the solutions. The same functionalization
procedure has been applied to conjugate ampicillin with
the NDs.

2.5. ND immobilization within Ti oxide layer via anodic
oxidation

The electrolyte for anodization with pH 12.1 was prepared
according to the method described by Aliasghari et al [23].
The three-electrode system designed by Michael et al at Max
Bergmann Center for Biomaterials was used for Ti anodization [24]. Each Ti disc (Ø 15 and 2 mm height) was cleaned
with ethanol and placed inside the conically shaped chamber
made of acrylic glass, which was ﬁlled with 1.5 ml of electrolyte and 1.5 ml of biofunctional ND. The working electrode was attached to the bolt to maintain the contact with the
sample from below. From the top, the chamber was closed by
a lid with attached platinum wire which acted as a counter
electrode. The reference electrode was immersed in a
borosilicate glass beaker containing 3M KCl solution. The
silver chloride electrode was used as a reference for the
potential measurement. The salt bridge was prepared by using
the capillary plastic tube which was ﬁlled with 2% w/v in
2 mol l−1 borate buffer agarose gel, pH 7.4.
The anodic oxidation was performed under the galvanostatic mode. The current density was adjusted to 100 A m−2
with target potential of 90 V. After each anodization process,
the Ti sample was removed and cleaned with ethanol. The
topography was determined by using ﬁeld emission scanning
electron microscopy (SEM) JSM-7500F from JEOL Ltd,
Tokyo, Japan.

2.4. Characterization of functionalized ND suspensions

ND and ND* agglomerate size and zeta potential were measured using dynamic light scattering (DLS) from Zatasizer
Nano by Malvern Panalytical, Kassel, Germany with folded
Capillary Zeta Cell DTS1070 made of polycarbonate with
gold plated beryllium/copper electrodes. Before each
3

Nanotechnology 31 (2020) 205603

E Krok et al

Figure 2. (a) Hydrodynamic diameter and (b) zeta potential of ND agglomerates functionalized with PDDA. (c) Surface loading of

amoxicillin onto ND after 1h and 9 days of incubation.

black and white binary versions by adjusting the threshold of
contrast in the ImageJ software [26]. Three different locations
were chosen for determination of the area occupied by the
bacteria cells.

2.6. Antimicrobial testing

E. coli was grown in Lysogeny Broth (LB) medium in thermomixer, 950 rpm, under aerobic conditions at 37 °C until the
log phase was reached. The inoculum was diluted to obtain
1.5 × 108 cells ml−1, which corresponds to the 0.5 McFarland Turbidity Standard. Standard absorbance of bacteria
suspension was measured at 600 nm by using Ultrospec 2100
pro from Amersham Biosciences, Little Chalfont, UK. A
volume of 100 μl of the as-prepared bacteria suspension was
pipetted in the middle of the agar plate. Cells were equally
distributed on the plate using a spatula.
Discs for the Kirby-Bauer Test were made out of
Whatman paper by cutting it with a puncher to obtain standard diameter of 6±0.5 mm (ISO Standard 838 [25]) and
autoclaved in aluminum foil at 121 °C for 30 min. Subsequently, the discs were soaked in one of the following solutions: ddH2O (negative control), ND 1 mg ml−1, ND-PDDAamoxicillin 1 mg ml−1, ND-PDDA-amoxicillin 0.5 mg ml−1,
amoxicillin 1 mg ml−1 (positive control) and ampicillin
100 μg ml−1 (positive control). Agar plates with E. coli and
the discs was incubated for 24 h at 37 °C.
In order to evaluate the antibacterial properties of the
respective surface, Ti samples were prepared possessing different surface modiﬁcations: (1) as-received Ti, (2) Ti
exposed to anodic oxidation, oxidized Ti possessing (3)
pristine ND, (4) ND functionalized with amoxicillin and (5)
ampicillin. Ti samples were placed in 12-well microliter
plates and 2 ml of bacteria inoculum was added. Samples
were incubated for 24 h at 37 °C.
The amount of living and dead bacteria on the Ti samples
was determined using the staining kit. Optical imaging was
conducted using the reﬂected-light microscope Axio Scope
Vario from Carl Zeiss Microscopy, Jena, Germany with both
red and green emission ﬁlters. Quantiﬁcation of the bacteria
staining solutions was performed using microplate reader
Inﬁnite M200 Pro from Tecan Group Ltd, Zürich, Switzerland. SEM imaging of bacteria attached to Ti surfaces was
performed on an environmental scanning electron microscope
from Philips XL30 FEG, Hillsboro, OR, USA. Surface coverage upon exposure to E. coli inoculum was calculated based
on the SEM images. The original images were converted to

3. Results and discussion
3.1. Characterization of functionalized ND suspensions

Formation of ND-PDDA-amoxicillin complex was assessed
at each step of conjugation. ND suspensions were measured
by DLS to determine the mean hydrodynamic diameter. As
presented in ﬁgures 2(a) and (b) ND suspensions with a
concentration 1 mg ml−1 had a hydrodynamic diameter of
43±1 nm and a zeta potential of −38±4 mV. ND with
concentration 0.5 mg ml−1 had a hydrodynamic size of
44±1 nm and a zeta potential −29±1 mV. The results are
consistent with the values reported in literature [22, 27]. After
conjugation with PDDA, the hydrodynamic diameter of the
1 mg ml−1 sample increased to 395±9 nm and zeta potential
shifted to positive value of 54±1 mV. Samples with concentration of 0.5 mg ml−1 upon conjugation with PDDA had a
hydrodynamic diameter 268±1 nm and a zeta potential
37±1 mV. Che et al reported increase in the hydrodynamic
diameter from 234.7 to 299.2 nm upon conjugation of silica
with PDDA and change of zeta potential from −57 to
56.6 mV [28]. The observed increase of the mean hydrodynamic diameter after conjugation with PDDA, as well as
the change of zeta potential to the positive values, indicated
the successful functionalization of NDs with PDDA. All of
the suspensions were within the stability range of zeta
potential |30| mV [29].
In order to determine the concentration of amoxicillin
UV/Vis spectroscopy is broadly used [30–32]. As reported
by Ataklti et al two characteristics absorbance maxima were
recorded for amoxicillin at 228 nm and at 278 nm [30]. Lee
et al used maximum the absorbance value 270 nm for the
determination of the calibration curve [20]. In order to
increase the precision of the obtained results, the AUC
method was used [33–35]. The amount of the loaded amoxicillin was calculated by subtracting the concentration of
4
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*

Figure 3. Particle size expressed by intensity of (a) samples exposed to US treatment right before the measurements (ND US and ND US),
*

and samples upon one month of storage and no US treatment applied before measurements (ND and ND ), (b) Samples upon conjugation
with PDDA. (c) ND* suspensions stability: (1) stock 1 mg ml−1 without applied sonication, (2) 1 mg ml−1, (3)0.5 mg ml−1,
(4) 0.1 mg ml−1, (d) Sample containing 1 mg ml−1 ND suspension after 1 h of storage, precipitation of ND on the bottom of the ﬂask marked
with cyan circle, (e) ND suspensions stability: (1) stock 1 mg ml−1 without sonication, (2) 1 mg ml−1, (3)0.5 mg ml−1, (4) 0.1 mg ml−1

recovered amoxicillin from the initial concentration. As
shown in ﬁgure 2(c) after 1 h incubation with amoxicillin,
440 ± 0.54 μg ml−1 and 215 ± 0.47 μg ml−1 were loaded
onto 1 mg ml−1 and 0.5 mg ml−1 of ND respectively,
which corresponds to a surface loading of 44±0.1%
and 43±0.1%. After 9 days of incubation 382±1 μg ml−1,
and 194±1 μg ml−1 were loaded onto 1 mg ml−1 and
0.5 mg ml−1 of ND respectively. The longer incubation time
of 9 days did not increase the surface loading of amoxicillin
onto ND and resulted in values lower than 40%. From these
results PDDA-mediated conjugation of ND with amoxicillin
is a very rapid process, based on electrostatic rather than
chemical interactions, with PDDA as a bridging agent
between negatively charged ND and positively charged
amoxicillin [28, 36]. The maximum of 44% of surface loading
was reached already after 1 h, and no further molecules were
able to reach the surface due to steric repulsion [37]. The
longer incubation time led to the renewed drug release from
the NDs surface into the solvent based on the dissociation
processes. However, the lowest concentration loaded onto ND
was still higher than the minimum inhibitory concentration
for E. coli (2 μg ml−1) and S. aureus (0.12 μg ml−1) [38]. The
antimicrobial properties of our conjugates are determined by
the stability and activity of amoxicillin in solution, which is
known to be stable for 7–14 d in water [39, 40].
The stability testing of ND suspensions was utilized by
DLS. As shown in ﬁgure 3(a) the mean hydrodynamic diameter was 154±3 nm and 43±1 nm for sample exposed
only to sonication (ND*) and sample treated with both sonication and bead-milling (ND) respectively. Upon one month
of storage it was observed that ND* presented signiﬁcant
increase in the mean hydrodynamic diameter to value of
288 ± 23 nm. ND suspensions did not show the increase in
the agglomerate size upon storage, resulting in the mean
hydrodynamic diameter of 45 ± 1 nm. It was observed that
exposure of ND only to the sonication treatment was not
sufﬁcient to obtain desired particle size due to the strong
agglomeration of ND. The same methodology was applied
upon conjugation with PDDA. As shown in ﬁgure 3(b), due

Figure 4. Kirby-Bauer Test against E.coli GB05 to evaluate the

antibacterial properties of the ND suspension. (a) Inhibition zones of
(1) pristine ND 1 mg ml−1, (2) ampicillin 100 μg ml−1 (positive
control), (3) ND-PDDA-amoxicillin 1 mg ml−1, (4) ND-PDDAamoxicillin 0.5 mg ml−1, (5) ddH2O (negative control), (6) amoxicillin 1 mg ml−1 (positive control) and (b) magniﬁed image of the
inhibition zone for ND-PDDA-amoxicillin 1 mg ml−1.

to the one month storage, samples conjugated with PDDA,
exposed only to sonication presented increase of mean
hydrodynamic diameter from 503±6 to 1273±102 nm.
Samples that were treated with both sonication and bead
milling also reagglomerated but with lower rate from
328±13 nm to 395±9 nm upon one month storage. The
strong aggregation upon conjugation with PDDA was
observed for the samples exposed only to sonication. Samples
that underwent both bead milling and sonication presented
long term stability even in the presence of PDDA. Moreover
no reagglomeration was observed in case of the samples
exposed only to sonication. Furthermore as presented in
ﬁgure 3(c) the lack of stability for the samples exposed only
to sonication was observed by bare eye. These suspensions
were blurry and, even upon as short time as 1h of storage, the
precipitation of ND was observed on the bottom of the ﬂask
as shown in ﬁgure 3(d). ND that were additionally treated
with bead milling procedure presented clear brownish color as
shown in ﬁgure 3(e), and could be stored for few months
5
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Figure 5. SEM images of (a) Ti surface exposed to anodic oxidation and (b) Ti surface with immobilized ND within the oxide layer,

(c) magniﬁed zone of Ti oxidized, (d) magniﬁed zone of Ti with immobilized ND. ND agglomerates are marked by arrows and single ND
agglomerates are highlighted in the circles.

without any changes in the stability. We also did not observe
any precipitation or reagglomeration, based on the DLS
measurements performed after 1 month of storage.

for ND-PDDA-amoxicillin conjugates, was the result of
breaking the electrostatic interactions between PDDA and
amoxicillin subsequently releasing amoxicillin into agar.

3.2. Evaluation of antimicrobial properties of ND conjugates in
suspension

3.3. Topography of oxidized Ti with immobilized ND

ND have been immobilized within Ti oxide layer using
anodic oxidation and the topography has been assessed by
SEM. Figure 5 displays the SEM images of the Ti surfaces.
The surface of the oxidized Ti without addition of ND was
recorded as reference material and is shown in ﬁgures 5(a)
and (c). Once ND are employed in the electrolyte the oxidized
Ti surface shows nanoscale features as presented in
ﬁgure 5(b). As shown in ﬁgure 5(d), ND formed dense
clusters of agglomerates of around 40–50 nm, which was
consistent with the values obtained from DLS measurements
for ND solutions. The successful immobilization supports the
previous ﬁndings reported in our group by Gonçalves et al
[42].

The antimicrobial properties of the ND-PDDA-amoxicillin
conjugates in suspension were evaluated using the KirbyBauer test. The results from the Kirby-Bauer test with E. coli
GB05 are presented in ﬁgure 4(a). Two large inhibition zones
were observed for both positive control groups: 1 mg ml−1
amoxicillin and 100 μg ml−1 ampicillin, with the largest
inhibition observed for ampicillin. No inhibition zone was
observed around water negative control, pristine ND
1 mg ml−1, and ND-PDDA-amoxicillin 0.5 mg ml−1. The
disc soaked in ND-PDDA-amoxicillin 1 mg ml−1 showed a
small inhibition zone (ﬁgure 4(b)). The lack of inhibition zone
for pristine ND is consistent with the ﬁndings of Lee et al
[20]. As reported by Kourmouli et al the diffusion rate of
nanoparticles with a diameter greater than 10 nm is more than
one order of magnitude lower than the diffusivity of commonly used antibiotics [41]. The ND cannot diffuse from the
paper discs to the agar and no direct interaction of the biofunctional ND with the bacteria cell walls are possible.
Therefore, the observed inhibition zones are strongly dependent on the ions or antibiotic release from ND surface and not
a result from ND diffusion. Hence, the inhibition zone visible

3.4. Antimicrobial properties of modified Ti surfaces

To examine the antimicrobial properties of the functionalized
Ti samples spectrophotometer measurements of bacteria
optical density was used. This method was reported by Haase
et al as a technique for determining antibacterial properties of
functionalized textiles [43]. The number of bacteria cells in
inoculum was adjusted to 1.5 × 108 cells ml−1, measured by
6
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Figure 6. (a) Concentration of E.coli cells in the staining solutions, (b) correlated percentage of live bacteria in the staining solution after

overnight staining with modiﬁed Ti, (c) concentration of E.coli cells in the washing solutions after rinsing, (d) surface coverage of E.coli after
overnight incubation in bacteria solutions and ﬂushing of the surfaces with distilled water.

absorbance at wavelength 600 nm. The bacteria solutions
were placed inside the microliter plate together with Ti
samples possessing various surface modiﬁcations. The number of bacteria cells within the wells after 24 h incubation,
recorded from the UV–vis absorbance measurements is presented in ﬁgure 6(a). The surface of the bare and untreated Ti,
had the highest number of bacteria cells 1.63±0.02 ×
109 cells ml−1 in the well. The concentration of bacteria cells
was signiﬁcantly lower for the oxidized sample reaching
the value 1.41±0.05 × 109 cells ml−1. The formation of the
oxide layer with embedded ND did not further decrease the
number of bacteria cells in solution, with a value
1.4±0.05 × 109 cells ml−1 Samples modiﬁed with ND
conjugated with antibiotics are indicated as ND-PDDAamoxicillin and ND-PDDA-ampicillin. They presented a
signiﬁcant decrease in the bacteria cell number in comparison
to the bare Ti, resulting in values 1.31±0.02×
109 cells ml−1 and 1.33±0.02 × 109 cells ml−1 respectively.
The percentage of viable bacteria in the staining solution
was determined by microplate photometer after applying
live/dead staining. The staining consists of two solutions
SYTO® 9 green-ﬂuorescent nucleic acid stain, which labels
all bacteria and the red-ﬂuorescent nucleic acid staining,
which penetrates only damaged bacteria membranes [44]. All
surfaces presented 77%–80% viable cells as shown in
ﬁgure 6(b). No difference was observed for modiﬁed Ti

samples in comparison with unmodiﬁed. The diffusion rate of
the antibiotic was too low to provide sufﬁcient cytotoxic
concentration. Due to the chemotaxis, bacteria naturally avoid
contact with chemorepellents and swim towards the areas
where they are not exposed to the lethal environment [45, 46].
This behavior combined with the low diffusion rate of the
antibiotic from the modiﬁed surfaces explain the similar
percentage of viable bacteria in the staining solutions.
In order to determine the adhesion of bacteria cells to the
functionalized surfaces, the rinsing procedure was used [47].
The Ti surfaces were washed with LB medium and the
absorbance of the washing solutions was measured at the
wavelength of 600 nm. The results of the bacteria concentration in the washing solutions are presented in
ﬁgure 6(c). The concentration of cells after rinsing of bare Ti
and oxidized Ti was 0.089±0.01 × 109 cells ml−1 and
0.096±0.01 × 109 cells ml−1 respectively. The samples of
ND and ND-PDDA-amoxicillin contained 0.17±0.03 ×
109 cells ml−1 and 0.19±0.02 × 109 cells ml−1 respectively,
showing 1.9 fold increase of bacteria concentration in the
washed solution with respect to the unmodiﬁed Ti surfaces.
Signiﬁcant anti-adhesive properties were observed for the
sample containing ND-PDDA-ampicillin. The number of
washed-out cells was 0.35±0.02 × 109 cells ml−1, which is
3.9 times higher than observed in the unmodiﬁed Ti surface.
Bacteria attachment to the surface occurs within seconds to
7
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Figure 7. Assessment of antimicrobial properties of the modiﬁed surfaces. Fluorescent microscopy images of the Ti surfaces were recorded
after bacteria exposure to live/dead staining. Images with green light emission indicate alive cells and with red light emission correspond to
dead bacteria cells. All ﬂuorescent microscope images were taken at 20× magniﬁcation. Correlated SEM images (right column) to assess
bacteria cells coverage.

8
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agglomerates to decrease the surface area that is exposed to
the harmful environment [50]. Furthermore, the direct interaction of bacteria within the formed bacteria clusters, promotes the horizontal gene transfer where the acquired
resistance gene from one bacterium is transferred to another
via hair-like appendages called pili [51].
The diffusivity of either tested antibiotics was not sufﬁcient to cause bacterial lethality in solution. However, the
direct contact of the bacteria with the modiﬁed surfaces
caused disruption of the cell walls, and bacterial death, supported by using live/dead assay. Hence, the potential application of ND modiﬁed surfaces can decrease the risk of
bacterial infection at the implant-bone interface since the
interface of the bone and the implant surface is the most
susceptible place for the infection to occur [52, 53].

minutes after the contact with the implant surface. After a few
hours bacteria start to produce extracellular polymeric substances which act as a habitat and protection from the
environment and are responsible for increased bacteria survival. Detachment of bacteria during the simple washing
assays from the modiﬁed surfaces indicates that after 24 h
incubation, bacteria partially lost their ability to produce this
protective bioﬁlm upon the contact with the surfaces and
therefore could be easily removed from the Ti samples [48].
SEM was performed to analyze the bacteria adhesion on
the modiﬁed Ti surfaces. As shown in ﬁgure 6(d), bare Ti
showed the highest number of attached bacteria, which covered 10.70% of the analyzed surface. E. coli was spread all
over the surface, forming dense colonies. The surface of the
oxidized Ti sample was covered by 4.97% of bacteria cells.
The incorporation of ND within the oxide layer showed a
reduction of bacteria coverage to 2.79%. Oxidized samples
with ND conjugated with Amoxicillin had 2.26% of the
sample occupied by bacteria. The lowest surface coverage and
highest antimicrobial properties were obtained for ND conjugated with ampicillin, where 0.90% of the surface was
covered by bacteria cells. The outcome of SEM imaging was
consistent with absorbance measurements obtained from UV–
vis spectroscopy, where easy detachment of the bacteria from
the surface was observed for samples modiﬁed with NDPDDA-amoxicillin and ND-PDDA-ampicillin. Decreased
number of bacteria cells present on the modiﬁed surfaces
combined with the high number of cells in ﬂushed solution,
indicate anti-adhesive properties of the functionalized Ti
surfaces. The SEM images used for determination of surface
coverage are presented in ﬁgure 7, where E. coli cells are
represented by black hemispherical rods around 2.5 μm in
length and 1 μm in width, which is consistent with the
dimensions reported in the literature [49].
The live/dead staining was performed to quantify the
amount of viable bacteria attached to the Ti surfaces obtained
with different functionalization techniques. Upon the staining
viable bacteria emit green ﬂuorescence and dead bacteria can
be distinguished by red ﬂuorescence emission. The recorded
images for green, red and merged emission are presented in
ﬁgure 7. The highest number of bacteria cells on the surface
was observed for the untreated and oxidized Ti. Moreover, the
number of live bacteria cells in these samples was much higher
than for the modiﬁed surfaces. The number of dead cells was
negligible, and there was no antimicrobial effect observed.
Although the Ti sample with surface modiﬁed with ND
presented a slightly increased number of dead cells, there was
still a predominant amount of viable bacteria. The surface
functionalization with ND conjugated with antibiotics
(ND-PDDA-amoxicillin and ND-PDDA-ampicillin) showed a
decreased number of live cells and a signiﬁcant increase in the
number of dead bacteria. The application of ND conjugated
with PDDA-amoxicillin and PDDA-ampicillin resulted in a
minimal number of living bacteria and a predominant number
of dead cells on the Ti surface.
Bacteria clumping was observed on the surfaces of both
Ti samples treated with ND conjugated to antibiotics. Bacteria
clumping is a phenomenon when bacteria start to form

4. Conclusions
ND showed a great potential as nanocarriers of amoxicillin
and ampicillin enabling the immobilization of these antibiotics within the Ti oxide layer for sustainable antimicrobial
surfaces. The successful loading of amoxicillin and ampicillin
onto ND surface was based on the electrostatic interactions
and assessed using UV–vis spectroscopy. The electrostatic
bonding enabled conjugation of small molecules such as
amoxicillin with ND without loss of the antibiotic activity.
The efﬁciency of amoxicillin binding was sufﬁcient to enable
bacteria lethality upon the contact with the modiﬁed Ti surface as examined by live/dead assay. Evaluation of the
antimicrobial properties by SEM showed a decrease in the
bacteria adsorption to the modiﬁed surfaces. The presented
results describe a promising and controllable method for drug
loading onto the Ti implant surface by using ND. The proposed Ti surface modiﬁcation with ND-PDDA-amoxicillin
and ND-PDDA-ampicillin shows high antimicrobial properties and could signiﬁcantly decrease the need for oral antibiotic prophylaxis during the hard tissue implant surgeries.
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