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ARTICLE INFO ABSTRACT

Keywords: Implant associated infections are a serious threat to the well-being of patients, which can be mitigated by taking
Nanogel effective disinfection/sterilization (D/S) methods into account. Nanogels (nGel) are stimuli sensitive polymeric
Sterilization hydrogel particles, which have provided numerous innovative applications in the biomedical field to enhance
;C\z?it;;fling antifouling, antibacterial properties, or drug delivery, or they can be employed as imaging modalities or can be

applied as a coating on biomaterials (implants). Prior to translating their application towards clinical use, nGel-
based coated implant materials must undergo an intermediary, pre-requisite process of cleaning, disinfection,
and sterilization, in sequence. The interplay among the three crucial pillars- the implant material, the nGel
coating (with specific function), and the applied D/S processes influence the fate (success or failure) of medical
implant in the host body. In this study, we investigated a previously developed NIPAM-co-APMA core shell nGel
coating on various clinically-relevant polymeric and inorganic implant materials and tested them on a diverse
range of D/S techniques to assess the retention of the coating quality and antifouling function. The stability and
integrity of the nGel coating was analyzed by performing Atomic Force Microscopy and the retention of the
antifouling function of the nGel-coating after sterilization was studied by Colony forming units against S. aureus
RN4220. Among all the materials that were coated, polymeric materials- polypropylene and poly-
etheretherketone exhibited exceptional coating stability, post-sterilization while also demonstrating a consid-
erable reduction in bacterial attachment with respect to their ‘uncoated, sterilized’ and ‘coated, non-sterilized’
controls. Although often overlooked, sterilization is an indispensable part of clinical translation, therefore
research in this domain is of utmost importance when considering clinical translatability.

Bacterial adhesion

1. Introduction nosocomial pathogens such as bacteria (Pseudomonas aeruginosa,

Escherichia coli, Staphylococcus aureus), fungal parasites (Candida albi-

Nosocomial or Health-care Associated Infections (HAI) are infections
that are transmitted to patients during their visit or stay in a healthcare
facility and that were not present prior to their visit. HAI has an
occurrence of 7 % in developed countries and as high as 10 % in
developing countries [1-3]. The most prevalent form of HAIs is seen in
blood, respiratory or urinary tract infections. Surgical site infections
often occur on medical devices and implants which can be introduced by
pre-existing infections/commensal bacteria, patients, hospital staff,
unhygienic environment, and other visitors [4,5]. HAIs are spread by
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cans), or viruses (influenza) [3,6]. Therefore, sterilization is an essential
pre-requisite for undergoing any invasive and non-invasive clinical
procedures, diagnosis, or surgery, including medical devices that
contain an antifouling coating with antibacterial properties.
Disinfection and sterilization should always be preceded by cleaning,
and these processes exhibit well-defined functions at the clinical level
[7]. Cleaning is the first crucial step that involves removal of bioburden,
dust, or dirt from the biomaterial/ medical device [8]. This is followed
by disinfection, which is the removal of any body fluids, debris or visible
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contaminants, and consequently the final crucial step is sterilization,
which facilitates the complete eradication and inhibition of reproduc-
tion and growth of any microorganisms such as, bacteria, fungi, or
spores using several physical and chemical processes [9,10]. Some of the
clinically-approved disinfection/sterilization (D/S) techniques include
low-level disinfection at primary level with 70 % ethanol [11], heat
sterilization by autoclaving at 121 °C or 134 °C [12], chemical treat-
ments by hydrogen peroxide gas plasma (HPGP) [13], and non-ionizing
irradiation by Ultraviolet-C (UV-C) at 254 nm, which is close to the
desirable wavelength (262 nm) required to achieve germicidal activity
[14-16]. Therefore, only after undergoing these processes, the material
is free of any pathogenic or non-pathogenic entity and can be defined as
‘sterile’[17]. The end goal of sterilization is to reduce the level of mi-
crobial contaminants to a permissible amount, without hampering the
quality/integrity and functionality of the material [18]. Owing to the
importance of sterilization, Scheme 1 illustrates the sequential steps that
are involved in the development of nanogel (nGel)-coated implant ma-
terials through clinically-relevant D/S techniques, without which clin-
ical implementation will not be possible. Post-sterilization function, the
stability of the coating, and the retention of its function (hereafter,
antifouling) were studied. If the coating and its function remain intact, it
can be considered for further clinical applications, otherwise the coated
materials must be re-designed to withstand clinical D/S approaches.
Here, we have implemented N-isopropylacrylamide—co-N-(3-amino-
propyl)methacrylamide dihydrochloride (NIPAM-co-APMA) nGel-based
coatings on the implant surfaces via electrostatic adherence. nGels are
crosslinked, nano-sized colloidal particles of which the physicochemical
properties [19-21] can be easily tuned by stimuli-responsiveness to
temperature [22], pH [23], ionic strength [24], light [25], or co-solvents
[26]. Coatings act as an interface between the implant material and the
external environment [27,28]. Therefore, coatings help in enhancing the
material properties and have also proven to be very promising for
introducing different functionalities such as, antifouling and antibacte-
rial moieties [21,29,30], drugs [31-33], imaging modalities [34], or for
immunomodulation of host response [35]. These hydrophilic polymer
hydrogel particles, when applied as a coating, act as a hydration layer,
thereby creating an antifouling coating that prevents the adsorption of
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different biomolecules and microorganisms [30,31,36]. Previously, our
group has demonstrated the tunability of the antifouling function of the
poly-N-isopropylmethacrylamide (pNIPMAM) nGel coating based on the
size and stiffness of the nGel particles, as well as the thickness of the
coating that resulted up to 98 % reduction of S.aureus ATCC 12600 when
P(NIPMAM) nGel coatings were applied on glass [37]. The applicability
of the coating was drastically enhanced upon development of a universal
electrostatic method to apply the same coating via the same procedure
for many other clinically and industrially-relevant materials [28,38]. In
order to assess potential clinical translation, here the aim of our research
is to investigate the NIPAM-co-APMA nGel coating integrity, stability,
and antifouling function after using a range of D/S processes, both in-
house (IH; 70 % ethanol; autoclave at 121 °C; UV-C radiation) and
outsourced commercially-relevant [CR; disinfection at low temperature
(LT; ~80 °C); disinfection LT + sterilization by HPGP at 90 °C; disin-
fection at high temperature (HT; ~115 °C); and disinfection HT +
sterilization by autoclave at 134 °C] at SteriNoord BV, Groningen, the
Netherlands on the nGel coated implant materials. The integrity of the
coatings was assessed by Atomic Force microscopy (AFM) while the
effectiveness of the antifouling function of the sterilized nGel-coated
surfaces of the implant materials were analysed by enumeration on
agar plates for Colony Forming Units (CFU) against S.aureus RN4220.
The findings reaffirmed the necessity of sterilization and provided
valuable insights on the optimal sterilization techniques that can be used
for the nGel-coated implant surfaces based on electrostatic interactions.
There is no single D/S technique that is compatible for all classes of
medical implants (bioglass/ceramic, metallic, fluorinated, polymers and
elastomers) [28], therefore, we aimed to identify the optimal steriliza-
tion technique suited for different nGel-coated implant materials.

2. Materials and methods
2.1. Materials
Primary monomer, N-Isopropylacrylamide (>98 %, NIPAM) was

acquired from Tokyo Chemical Industry (TCI), Belgium, the co-
monomer N-(3-aminopropyl)methacrylamide dihydrochloride (>98 %,
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Scheme 1. Schematic illustration to demonstrate D/S as the necessary step (Autoclave, Hydrogen peroxide, 70% ethanol, irradiation by ultraviolet-C) between the
development of the nGel-coated implant surfaces (bench) and their application in the clinic. Post-sterilization, there are two important factors to be considered, (i)
the coating integrity on the surface of the material and (ii) the retention of function, in this case antifouling. Upon failing either of these aspects, the coated materials

must be redesigned to enable their clinical translation/application.
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APMA) was procured from Polysciences, Inc., Germany. The cross-linker
N,N'-methylenebis(acrylamide) (99 %, BIS); surfactant hexadecyl-
trimethylammonium bromide (>99 %, CTAB); and initiator 2,2"-azobis
(2-methylpropionamidine) dihydrochloride (97 %, V50) were obtained
from Sigma-Aldrich, The Netherlands. NIPAM was purified by recrys-
tallized from hexane, and all the other chemicals were used, without any
further purification. For all the experiments, ultra-pure water was used
(18.2 MQ, arium 611 DI water purification system; Sartorius AG, Ger-
many). A range of different and unique clinically available implant
materials were used: glass, polytetrafluoroethylene (PTFE; Teflon),
polymethylmethacrylate (PMMA), silicone rubber (Si-rubber), Poly-
propylene (PP), Polyetheretherketon (PEEK), titanium, Stainless steel
(SS). Glass was obtained from Thermo Scientific Menzel-Glaser (Gerhard
Menzel B.V. & Co. KG, Braunschweig, Germany), while the other ma-
terials were procured from the Research Instrument Laboratory at the
University Medical Center Groningen (UMCG). Detailed information
regarding the materials is indicated in Table S1.

2.2. nGel synthesis and particle characterization

P(NIPAM-co-AMPA) core shell nGel was synthesized by precipitation
polymerization reaction, according to the approach reported before
[28]. Briefly, the reaction was carried out in a 250 ml three-necked
round bottom flask equipped with an inlet/outlet for nitrogen, ther-
mometer and a reflux condensor. Primary monomer, NIPAM (1505 mg);
crosslinker, BIS (108 mg); and surfactant, CTAB (4 mg) were dissolved in
95 ml of ultrapure water, followed by degassing the main solution for 1
hr in N3 and heating to 70 °C. In the following step, degassed initiator,
APMA V50 (54 mg), dissolved in 5 ml of ultrapure water was added to
the main solution. The initiation of the polymerization was indicated by
turning of the clear solution to a milky-white suspension, which resulted
in the formation of the core of the nGel. In the final step, the shell part of
the nGel was synthesized by dissolving NIPAM (673 mg); co-monomer,
APMA (125 mg); BIS (54 mg), and CTAB (2 mg) to 50 ml ultrapure water
and degassed under N for 1 hr. The shell solution was injected to the
polymerized turbid suspension in a dropwise manner, and the synthesis
was carried out in an inert environment for 6 hr at 70 °C, followed by
overnight stirring under room temperature. For purification, the nGel
suspension was centrifuged at 16,000 rpm (38,300 g) thrice, for 1 h each
and dialyzed (MWCO = 3.5 Kda) against water for 3 days, while
changing the water twice per day. Finally, the suspension was lyophi-
lized for 3 days and the positively-charged NIPAM-co-APMA nGel par-
ticles were stored for further use.

Particle characterization was performed using a ZetaSizer Nano-ZS
equipment (Malvern Instruments, Worcestershire, U.K.) with a wave-
length of laser beam at 633 nm to determine the temperature-dependent
hydrodynamic diameter (Dp) by ranging the temperature from 24 °C to
60 °C with an interval of 2 °C by Dynamic Light Scattering (DLS) and
zeta potential at 24 °C. In order to avoid multiple scattering during the
measurement, the suspension was diluted to 0.5 mg/ml in ultrapure
water. The measurements for Dy, were carried out in disposable cuvettes
and the instruments operated at 173°, while the zeta potential was
measured in disposable folded capillary cuvette and at a fixed angle of
17°. The final results from the DLS and zeta potential were the average of
3 consecutive readings performed on the same nGel suspension. The
morphology of the nGel particles in their dry state was acquired by
Transmission Electron Microscopy (TEM). Here, the particles were drop
casted on a carbon film which is coated with a copper grid were nega-
tively stained by uranyl acetate, and were investigated by Philips CMj 29
microscope fitted to a 4 k CCD camera with an acceleration voltage of
120 kV.

2.3. Formation of coating

The coating was applied following the previously mentioned pro-
cedure [37]. Briefly, the nGel particles were dissolved in ultrapure water
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at a concentration of 5 mg/ml (0.5 wt%). The suspension was sonicated
(Transsonic TP690, Salm en Kipp B.V., the Netherlands) for 10 min to
break any aggregates in the suspension. Meanwhile, the surface of the
material was cleaned by 70 % ethanol then by ultrapure water and dried
with pressurized air. In the following step, the surface was pre-treated by
plasma oxidation for 10 min (100 mTorr and 0.2 mbar, on Plasma Active
Flecto 10 USB). Subsequently, the surface of the materials was coated
using a spraying device by tilting at an angle of 45°. The spraying device
dispersed 140 uL per spray and it was carried on until the surface was
coated completely. The coated surfaces were dried by keeping them at
room temperature for 2 h, followed by drying in the oven at 50 °C,
overnight. To achieve a homogenous, monolayer of the nGel coating on
the material surface, they were immersed in ultrapure water for 6 h
while changing the water three times.

2.4. Analysis of coating thickness by Ellipsometer

The thickness of the nGel coating was measured on silicon wafer
substrate by Ellipsometer (EL X-02C, DRE, Ratzeburg, Germany). The
independent measurements were taken with a laser of 632 nm and at an
incidence angle of 65°. The thickness of the layer was computed from
the amplitude ratio (¥) and the relative phase shift data (A) using an in-
house built MATLAB script [39].

2.5. Disinfection/ sterilization (D/S) techniques

A diverse range of IH and CR (SteriNoord BV, Groningen, The
Netherlands) D/S techniques were employed on the nGel-coated mate-
rials. For the IH D/S processes, (i) implant materials were autoclaved at
121 °C, 209 kPa (or, 2.09 bar) for 20 min; (ii) disinfected thrice by
submerging in 70 % ethanol (low-level disinfectant), followed by ul-
trapure water for 15 min each (alternatingly) and (iii) irradiated by UV-
C at 254 nm, ~0.3 mW/cm? (LAC Labs UG, 53,639 Konigswinter, Ger-
many). The CR techniques included (i) disinfection at low temperature
(~80 °C) and succeeded by sterilization by HPGP at 90 °C, 66.66 Pa (or,
0.66 mbar); and (ii) disinfection at HT (~115 °C), subsequently steril-
ization by autoclave at 134 °C, 313 kPa (or, 3.13 bar) for 5 min using
SteriNoord facilities where clinical D/S processes are done for most
hospitals in northern Netherlands.

2.6. Analysis of coating stability by AFM

The stability of the coating after the sterilization process was indi-
cated by the presence of the nGel particles on the material surface, and it
was determined by the AFM measurements in the dry state. The coating
stability was analysed on four categories of samples (i) non-coated and
non-sterilized; (ii) non-coated and sterilized; (iii) coated and non-
sterilized materials and (iv) coated and sterilized, using the Bruker
model DNP-10 tip (consisting of non-conductive silicon nitride, spring
constant of 0.24 N/m) in contact mode. The scanning area was main-
tained at 10x10um?, while ensuring that the measurements were taken
around the center of the coated material surfaces to avoid any de-
flections in the captured images caused by removal of the coating due to
human error. Finally, the raw data were assessed by NanoScope Analysis
(version 1.80) software.

2.7. Analysis of change in wettability by water contact angle (WCA)

The change in surface wettability was characterized by the WCA
measurements using the sessile drop technique. A droplet (1-1.5 pL) of
ultrapure water was placed on the (i) non-coated (ii) nGel-coated (iii)
Disinfection LT + HPGP (90 °C) (iv) Disinfection HT + Autoclave
(134 °C) material surfaces, while the data points were taken by a contour
monitor built in-house and the images were captured by MATLAB
program.
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2.8. Analysis of elemental composition by X-ray photoelectron
spectroscopy (XPS)

The change in the surficial element composition of the (i) non-coated
(ii) nGel-coated (iii) Disinfection LT + HPGP (90 °C) (iv) Disinfection
HT + Autoclave (134 °C) materials was characterized by XPS. The XPS
was conducted using an SSI S-Probe (Surface Science instrument,
Mountain View, CA, USA) with a monochromatic Al Kua X-ray source
(1486.8 eV). The pass energy was set at 150 eV for the survey spectra
and the spectra was processed using the CasaXPS software (https
://www.casaxps.com/). The reported binding energies are + 0.1 eV
and referenced to the Cls photoemission peak centered at a binding
energy of 284.8 eV. Deconvolution of the spectra included a Shirley
baseline subtraction and fitting with a minimum number of peaks
consistent with the chemical structure of the sample, taking into account
the experimental resolution. The profile of the peaks was taken as a
convolution of Gaussian and Lorentzian functions. The uncertainty in
the peak intensity determination is 2 % for all core levels reported.

2.9. Bacterial strain and growth conditions

S. aureus RN4220 was grown overnight at 37 °C on blood agar plate.
The pre-culture was prepared by isolating a single colony of the bacteria
using a sterilized loop and inoculated into 10 ml of tryptone soya broth
(TSB; Oxoid, Basingstoke, UK). The suspension was vortexed to ensure
proper mixing of the bacteria in TSB and stored in the incubator for 24 h
at 37 °C. Afterwards, the previously made pre-culture was added to 200
ml of TSB main culture and incubated overnight. The main culture was
centrifuged at 6500 rpm (5000 g) for 5 min at 10 °C, followed by
washing and resuspension of the pellet in Phosphate buffer saline (PBS;
10 mM potassium phosphate, 0.15 M NaCl, maintained at pH ~ 7.4). In
order to remove bacterial clusters, the PBS suspension was sonicated
(Vibra Cell model VCX130; Sonics and Materials INC., Newtown, Con-
necticut, USA) in an ice bath for 30 s at 30 W. In the final stage, the
bacterial count in the suspension was determined by the Biirker-Tiirk
counting chamber and the bacterial concentration for further experi-
ments were optimized accordingly.

2.10. Determination of bacterial attachment on sterilized nGel-coated
surfaces- CFU method

The retention of function of the coated and sterilized surfaces were
determined by enumerating the number of bacteria attached on the (i)
non-coated and non-sterilized; (ii) coated and non-sterilized; (iii) coated
and non-sterilized incubated in PBS (without bacteria); and (iv) coated
and treated (different mode of D/S) surfaces by the CFU method. Bac-
terial concentration of 3x10° bacteria/ml was suspended in PBS, and the
materials were incubated in the bacterial suspension for 2 h at 24 °C to
allow bacterial adhesion. Subsequently, the material surfaces were
washed thrice with PBS to eliminate any poorly-attached bacteria and
further, ultrasonicated in PBS for 30 s. After sonication, 1 ml of the
detached bacterial suspension in PBS was pipetted and 10-fold serially
diluted. In the following step, the diluted bacterial suspension was
plated on TSB agar plate and incubated overnight at 37 °C before
enumerating the CFU per ml.

2.11. Statistical analysis

All the experiments were performed thrice, independently. The sta-
tistical analysis for the enumeration experiment was conducted by 2-
way analysis of variance (ANOVA) using the Dunnett test, keeping the
coated, non-sterilized sample as the reference point for the wide range of
D/S processes within each material. p < 0.05 was considered statisti-
cally significant in the analysis.
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3. Results
3.1. nGel synthesis and particle characterization

NIPAM-co-APMA core shell nGel particles were synthesized by pre-
cipitation polymerization reaction with NIPAM as the primary mono-
mer, APMA as co-monomer and BIS-acrylate as the cross-linker. After
the initial reaction time, APMA was added into the turbid mixture of the
nGel, which incorporated the primary amines (NH>) to the periphery of
the nGel shell. The positive charge of the amines in aqueous suspension
ensures proper binding to the negatively-charged surfaces of the implant
materials after plasma activation [28].

The temperature-dependent Dy determined by DLS was 510 nm at
room temperature while, TEM indicated 406 nm diameter in the dry
state. The volume phase transition temperature (VPTT) is seen at 33 °C
according to the temperature-dependent DLS data, as shown in Fig. 1.
The recorded zeta potential was + 13.5 + 0.3 mV, which can be
attributed to the presence of positively -NH; groups formed at the pe-
riphery on the nGel particles.

3.2. Formation, characterization, and sterilization of nGel coated implant
materials

Eight different clinically-relevant implant materials were selected:
PMMA, Teflon, PP, PEEK, Si-rubber, glass, titanium, and SS. Our group
has previously reported this universal coating strategy employed to coat
the materials in this study [28]. In brief, the materials were plasma
oxidized to attain a negative charge on their surface, while the
positively-charged NIPAM-co-APMA nGel particles were deposited on
the implant surface via electrostatic interactions using a spray coating
technique and were dried at 50 °C overnight. The surfaces were washed
with ultrapure water for 6 h to remove any excess nGel and obtain a
uniform monolayer, subsequently the nGel coated surfaces were char-
acterized by AFM (Figs. 2 & 3). The ellipsometry data was recorded with
a laser of 632 nm at an incident angle of 65°. The thickness of the nGel
coating layer on silicon wafer was ~70.6 nm, while the non-coated Si-
wafer (control) was ~11.7 nm. The temperature-dependant property of
the PNIPAM component of the coating is demonstrated with the WCA
experiment. Fig. S1 shows the change in WCA of the nGel coating on
Teflon and SS measured at 24 °C and 50 °C beyond the VPTT. The
coating at room temperature (24 °C) shows relatively lower WCA sug-
gesting hydrophilic behavior of the particles in the coating, while the
increase of WCA at 50 °C, indicates hydrophobic nature and collapsing
of the particles beyond their VPTT [28,40]. This is also in accordance
with the particle characterization method, temperature-dependant Dy
measurements performed by DLS, as demonstrated in Fig. 1.

In order to assess the stability of the nGel coatings after the D/S
processes, all the samples were characterized by AFM, before and after
the D/S process indicating the optimum sterilization techniques for the
diverse implant materials when applying the same nGel coating. The
nGel coating stability on polymer and inorganic-based implant mate-
rials, after undergoing different sterilization methods was captured by
AFM at room temperature, as represented in Fig. 2 (Polymeric materials)
and Fig. 3 (Inorganic materials), respectively. Moreover, for better
comparative study, AFM images of non-coated surfaces with or without
sterilization are included in Figs. S2 and S3 to understand the effect of
sterilization on these material surfaces, and whether potential coating
damage is either due to the coating stability or alteration of the bulk
material itself. This data is purely based on qualitative assessment,
where uniform, homogenous coating that has remained intact post-D/S
processes are considered as ‘stable’ coatings, while coatings that were
partially/ completely washed away or showed any other defects (crack
on the surface) are regarded as ‘unstable’ coatings. Figs. 2 and 3(I-IV
(a)), shows the nGel-coated implant materials, without sterilization and
they were compared to the AFM images of the implant materials after
the IH and CR D/S techniques. From literature, it can already be assessed
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Fig. 1. Temperature-dependant Dy, using DLS and TEM analysis of NIPAM-co-APMA nGel particles.

that PMMA has a low glass transition temperature (Tg), which is defined
as the inherent property of a polymeric material at which it transforms
from a glassy to rubbery state [41]. It is also non-autoclavable at 121 °C
(Fig. 2(Ib)) and higher temperature, as its mechanical properties
become affected [42]. Therefore, no data is shown for 134 °C, as it
makes the material highly incompatible for clinical application, post-
sterilization by autoclave. Fig. 2(Ic) shows swelling of the PMMA and
the nGel coating on top of it. This is probably due to the penetration of
the polar solvent (70 % ethanol) into the polymeric networks of PMMA,
causing its transition from unsolvated glass to the solvated rubbery re-
gion and the change in volume [43-45]. As the coating on PMMA could
not be observed, it was not considered for further experimental analysis.
Teflon, PP, PEEK (Fig. 2(II), (III) and (IV), respectively) have displayed
the best outcomes, where the nGel coating was stable, irrespective of the
diverse D/S techniques. One of the key beneficial features of coatings is
that the plasma adhesion layer modifies only the first few nanometers
(nm) of the material, while the bulk of the material remains constant
[46].

Non-hygroscopic material, such as Si-rubber is impermeable to the
steam produced in autoclave [12], however, because the connecting
layer is a thin oxide layer, the nGel coating was unstable and washed
away (mostly), as captured by AFM and shown in Fig. 3(Ib) and (Ie).
Consequently, we did not proceed with further CR procedures for sili-
cone, as these treatments were highly incompatible for the material.
Fig. 3II(b) and (h) indicates an unstable coating on glass when treated
by autoclave at 121 °C and 134 °C, which follows the same logic as
surface oxidized silicone as both interfaces present an oxide layer. In
case of titanium and SS, the coating was washed off when disinfected at
LT (Fig. 3(Ille) and (IVe)) and HT (Fig. 3(IlIg) and (IVg)), therefore
further analysis for HPGP and at higher temperature was not taken into
consideration. In Tables S2 and S3, we note that the average roughness
(Ravg, nm) is greatly reduced when applying the nGel coating on all the
surfaces, while they become slightly more rough, post D/S processes.
The materials that present an unstable coating (either, ‘completely
washed away’ or ‘partly still remaining’) contributed to the heightened
increase in Rayg, as seen in PMMA autoclaved at 121 °C (changed from
19.2 nm for coated, before sterilization to 81.6 nm for coated after
sterilization) or, titanium disinfected at LT and sterilized by HPGP
(changed from 14.0 nm for coated, before sterilization to 44.6 nm for
coated after sterilization). Glass is an exception to this as the Rayg of
coated, autoclaved at 134 °C (1.72 nm) became comparable to the non-
coated, autoclaved at 134 °C (1.90 nm) after the coating mostly washed

away, as shown in Fig. 3(ITh)).

The AFM images of non-coated implant materials, with and without
sterilization, are presented in Figs. S2 and S3. The complete overview of
the coating stability on the nGel-coated implant materials after under-
going different D/S techniques is indicated in Table 1. Here, the coating
isregarded as ‘v’ (stable) if no visual defects are seen in the AFM images,
otherwise marked as ‘X’. The native roughness of the materials (prior to
coating or any D/S methods) combined with added dimension after
coating and sterilization, all contribute to the R,yg of the implant ma-
terials (Tables S2 and S3). The AFM data is further complemented with
other surface characterization studies including the WCA (Fig. S4) and
XPS (Table S4) to get an even better understanding on the effect of 2
clinically-relevant D/S techniques, Disinfection LT + HPGP (90 °C) and
Disinfection HT + Autoclave (134 °C) on the NIPAM-co-APMA nGel
coatings. For this, we considered (a) Teflon, (b) PP, (c) Si-rubber and (d)
SS for the conditions (i) non-coated, (ii) nGel coated, (iii) Disinfection
LT + HPGP (90 °C), and (iv) Disinfection HT + Autoclave (134 °C). A
significant reduction in the WCA (Fig. S4) was observed from the non-
coated to the nGel coated surfaces, owing to the surface coating for
the increase in hydrophilicity [21,28]. Surfaces with intact coating after
the D/S treatments showed comparable values of WCA with their cor-
responding nGel coated surfaces (in case of Teflon and PP), however, the
WCA changed in Si-rubber and SS due to washing away of the major part
of the surface coating. The XPS data indicated a marked increase in the
atomic percentage of Cl1s, N 1s, and O 1s; coupled with a decrease in the
F 1s content from the non-coated to the nGel coated Teflon surface
(Table S4(a)), suggesting the presence of the coating. After the D/S
treatments, the atomic percentage of Cls, N 1s, and O 1s remained
comparable to the coated material, while a slight increase in the F 1 s
content is noted. This could be due to the removal of a small portion of
the coating. In the similar manner, an increment in the atomic per-
centage of Cls, N 1s, and O 1s along with reduction in Si 2p is observed
when transitioning from non-coated to nGel coated Si-rubber surface
(Table S4(c)). However, this gets reversed after the D/S treatments,
where the Si 2p content increases resulting from the removal of the
coating. Both the WCA and the XPS data are in accordance with the
captured AFM images in Figs. 2 and 3.

3.3. Retention of antifouling function after sterilization of nGel coated
implant materials

In addition to investigating the stability of the nGel coating, we also
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(I) PMMA

Coated and
w/o sterilization

184.1 nm

Autoclave (121°C)

70% Ethanol

Disinfection LT
+ HPGP (90°C)

(IT) Teflon
Coated and
w/o sterilization

1345nm SRR %

Autoclave (121°C)

70% Ethanol
282.2 nm

Disinfection LT
+ HPGP (90°C)

378.5 nm

Fig. 2. AFM images captured at room temperature at a scanning area of (10x10) pm representing the nGel coating stability of polymer-based implant materials
(PMMA, Teflon, PP and PEEK) on exposure to different IH (autoclave at 121 °C, 70 % ethanol and irradiated by UV-C) and CR (Disinfection at LT (~80 °C);
Disinfection LT + sterilization by HPGP at 90 °C; Disinfection at HT (~115 °C); and Disinfection HT + sterilization by autoclave at 134 °C) techniques. Scale bar used

2 pm. (The lowest point on the height scale bar represents 0 nm).

assessed the retention of the antifouling function of the coating after the
D/S processes. Only the ‘coated and non-sterilized’ materials were
incubated in PBS (without bacteria; 1st control), while the ‘non-coated
and non-sterilized’; the ‘coated and non-sterilized’ (2nd control); and
the ‘coated and sterilized” materials were incubated in a bacterial sus-
pension of S.aureus RN4220 for 2 h. Bacterial attachment was

enumerated in terms of CFU/ml (in logarithm values), and illustrated in
Fig. 4(a) polymeric and (b) inorganic materials. The quantitative data
presented here is a comparative analysis between the treatment methods
within the same coated material and their respective control group,
(Ccoated and non-sterilized’ material).

The ‘non-coated, non-sterilized” polymeric and in-organic materials
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Fig. 2. (continued).

(Fig. 4(a) and (b)) indicated larger number of bacterial colonies, in
contrast to their control group of ‘nGel coated, non-sterilized’ for each
material category. Comparative studies in antifouling experiments are
generally performed between the ‘non-coated and sterilized” group and
the ‘coated and sterilized group’. Here the inclusion of the intermediate
category ‘coated and non-sterilized’ (marked as the ‘black’ bar in Fig. 4)
has provided us with intriguing insights on influence of D/S approaches
on the antifouling effect, in contrast to the ‘coated and sterilized’ groups.
We immediately noted a significant reduction in bacterial adherence,
which suggests lower bacterial adhesion due to the intrinsic nature of

the nGels to form a hydration layer when coated, providing antifouling
properties [31]. The 1st control, "coated and non-sterilized’ materials
incubated in PBS (without any bacteria) was taken into account to check
the presence of any bioburden (already existing bacteria) that might
contribute to the number of adhered bacteria in each non-treated/
treated condition. No bacterial colonies were observed in undiluted
(1070) PBS solution, suggesting that the experiments were carried out
aseptically and all the adhered bacteria were incorporated externally,
therefore this group has not been represented in Fig. 4 and the Tryptone
soya agar (TSA) plate (shown only for ‘coated, non-sterilized’ PEEK) is
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Fig. 2. (continued).

displayed in Fig. S5. Materials with ‘already’ compromised coating (as
shown in Table 1 and depicted by AFM images in Figs. 2 and 3) such as
PMMA disinfected by 70 % ethanol (Fig. 4(a)) and glass autoclaved at
121 °C and 134 °C (Fig. 4(b)) indicated heightened bacterial adhesion
on the surface and assigned as ‘#’ in the graph. Teflon, PP and PEEK in
Fig. 4(a) showed retention of the antifouling function with respect to
their ‘coated, non-sterilized’ control. Although the AFM image indicated
a stable coating on glass after UV-C treatment, there is a loss of its
antifouling function, while in materials like Si-rubber autoclaved at
121 °C, titanium, and SS sterilized by HPGP, the coating had partially
washed away, marked as ‘#’ (Fig. 4(b)), but these materials still
exhibited low fouling (comparable to their corresponding control). Most
likely on those surfaces there is still enough coating coverage left to
remain functional. For instance, PEEK with stable coating exhibited 5.9
and 6.2 log;9oCFU/ml when disinfected with 70 % ethanol and autoclaved
at 134 °C, respectively, while, glass displayed 6.4 and 6.8 log;oCFU/ml of
adhered bacteria, post treatment with 70 % ethanol and autoclave at
121 °C, respectively. Based on the Log;gp CFU/ml data from Fig. 4, the
percentage of bacteria still remaining on the implant surfaces, post-D/S
techniques, was determined in Fig. 5(a), while keeping the ‘coated, non-
sterilized’ material as the reference group. Both of the factors- stability
of the nGel coating (indicated in Table 1) and retention of the anti-
fouling function after the D/S processes (Fig. 5(a)) were combined in the
overview table in Fig. 5(b). Here, the coating was defined as ‘good’ if the

coating is stable and shown close to 80 % (~0.7 log) reduction in bac-
terial adhesion (20 % remaining), ‘intermediate’ for < 66.6 % (0.5 log)
reduction (33.4 % remaining), while the rest were marked as ‘inade-
quate’ coatings after the nGel coated materials were treated by different
D/S processes (Fig. 5(b)). As mentioned earlier, our group has demon-
strated 98 % antifouling on coating negatively-charged NIPMAM par-
ticles on glass surface [37]. Keeping this data as our reference point, the
combination of the nGel particle along with the type of implant material
and the applied D/S technique; the status of ‘good’, ‘intermediate’ and
‘inadequate’ was designated in each case.

4. Discussion

A range of implant materials that are used in the clinic was consid-
ered for the D/S study. Post-sterilization, AFM images were captured of
all the materials to visually determine the stability of the coating. 70 %
ethanol is only a low-level primary disinfectant [11], so it does not find
its applicability when considering implantation in the human body.
Here, the data related to 70 % ethanol has been shown as it is an easy-to-
use method and readily available disinfection technique and commonly
used in the lab. A popular substitute to the already existing traditional
D/S techniques was the use of HPGP. Although PMMA is non-
autoclavable and has a low Tg, the coating indicated good stability
when exposed to both disinfection at LT and disinfection LT +
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(I) Si-rubber

Coated and
w/o sterilization

Autoclave (121°C)

70% Ethanol

65.4 nm 128.0 nm

(II) Glass

Coated and
w/o sterilization

Autoclave (121°C)

68.8 nm

Disinfection LT
+ HPGP (90°C)

170.0 nm

Fig. 3. AFM images captured at room temperature at a scanning area of (10x10) um representing the nGel coating stability of inorganic-based materials (Si-rubber,
Glass, Titanium and SS) materials on exposure to different IH (autoclave at 121 °C, 70 % ethanol and irradiated by UV-C) and CR (Disinfection at LT (~80 °C);
Disinfection LT + sterilization by HPGP at 90 °C; Disinfection at HT (~115 °C); and Disinfection HT and sterilization by autoclave at 134 °C) techniques. Scale bar

used 2 um. (The lowest point on the height scale bar represents 0 nm).

sterilization by HPGP. The coating was stable on Teflon, PP, and PEEK,
irrespective of the D/S techniques used. When irradiated with UV-C, the
nGel-coated Si-rubber implant material underwent crosslinking, which
causes hydroxylation and changes its chemical composition [47]. This
resulted in embrittlement of the material and cracks were formed, as

shown in Fig. 3(Id). Successive cycles of steam sterilization (autoclave)
of inorganic implant materials most likely dissolves the oxide layer
(formed at the initial few nm of the material), [48] thereby disrupting
the coating integrity on the material, as shown in AFM image (Fig. 3).
Titanium and its alloys are corrosion resistant materials, which is a key
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356.9 nm 440.2 nm

Fig. 3. (continued).

feature for medical implant materials [49], however, treatment with
corrosive HPGP can degrade the metal to some extent [50], causing poor
stability of the nGel coating on the surface, as shown in the AFM image
(Fig. 3II (e) and (f)). Zirconium is widely used as dental implants [51]
and does not undergo catalytic degradation when exposed to steriliza-
tion by HPGP [50]. A potential alternative to the conventional metal
implants is the use of a polymeric implant, PEEK, for orthopedic im-
plants, dental prostheses, cranial and maxillo-facial surgery, or cartilage
replacement after injury [52,53]. This semi-crystalline thermoplastic
polymer has outstanding thermal stability at HT thus, exhibits high Tg. It
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is resistant to hydrolysis or the effects of ionizing radiation and expresses
low inflammatory response, while the mechanical strength can be
further reinforced by incorporating organic or inorganic composites
[54-56].

Both coating stability and the retention of function (here, anti-
fouling) of the nGel coating, post-sterilization are equally important
components when considering the applicability of the implant materials
in clinical settings. Various physical factors like change in surface
roughness, surrounding temperature (our focus in this research),
wettability, charge interactions, surface energy, and chemical
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Fig. 3. (continued).

Table 1

Overview of coating integrity on the nGel-coated implant surfaces after undergoing different disinfection/ sterilization processes. The ‘/” and ‘X’ indicate the stability
of the coating on the implant surface based on AFM images in Figs. 2 and 3. The coating is regarded as ‘v~ (stable) if the AFM images indicated the presence of a
complete intact homogenous nGel coating (without any voids that are not covered with nGel), otherwise marked as ‘X’.

Autoclave 70 % UV-C Disinfection Disinfection (LT) + HPGP Disinfection Disinfection (HT) + autoclave
(121 °C) ethanol radiation (LT) (90 °C) (HT) (134 °C)
PMMA X X v v v X X
Teflon v v v v v v v
PP v v v v v v v
PEEK v v v v v v v
Si- X v X X X X X
rubber
Glass X v 4 v v v X
Titanium X v v X X X X
SS v v v X X X X

composition play a major role in bacterial adherence after exposure to
different treatment methods [57]. However, our observation from Fig. 4
was that in many cases, the antifouling behavior of the nGel coated
implant materials was enhanced after undergoing the D/S techniques.
The NIPAM particles, being thermosensitive by nature, undergo swelling
or shrinking below and above its VPTT, respectively. The VPTT of
NIPAM-co-APMA particles is at 33 °C (Fig. 1) however, on interaction
with organic solvents like 70 % ethanol, the VPTT shifts to a lower
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temperature than the temperature in pure water, here 33 °C. This is
explained by the co-nonsolvency effect [58-61] and thus, the nGel
particles in the coating already collapses at room temperature. Other D/
S processes such as UV-C, autoclaving, and HPGP involve the generation
of heat, where the temperature rises above the VPTT. All these events
flatten the particles and enhances contact with the surface. When the
nGel-coating returns to room temperature, they cannot recover to their
initial spherical structure as they have ‘already’ attached to the material
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Non-coated and non-sterilized

Coated and non-sterilized

70% Ethanol

Autoclave 121°C

UV-C irradiation

Disinfection LT (~ 80°C; only PEEK)
Disinfection LT + HPGP (90°C)
Disinfection HT (~ 115°C; only PEEK)
| Disinfection HT + Autoclave 134°C

PEEK

SS

#

Fig. 4. Log;o CFU/ml to enumerate the number of adhered S. aureus RN4220 after 2 h incubation in bacterial suspension to determine the integrity of the antifouling
function on the (i) non-coated and non-sterilized; (ii) nGel-coated and non-sterilized and (iii) nGel-coated and sterilized (a) polymeric (b) in-organic implant
materials by different D/S techniques. All results are shown with respect to the ‘coated, non-sterilized’ samples in each case. Samples with ‘already’ unstable nGel
coating are indicated by ‘#’. All the bacterial cultures, coatings and experiments were conducted three independent times. 2-way ANOVA was performed using the
Dunnett test and the statistically significant differences, p < 0.05 are denoted by *. The standard deviation is marked by the error bars (n = 3).

surface and remain at the surface at higher density/more closed-packed
coverage [62-64]. This re-packing intensifies the overall antifouling
function of the materials, when referenced with their coated, non-
sterilized counterpart (Fig. 4(a) and (b)). This phenomenon was
further illustrated by placing ‘nGel coated, non-sterilized’ Si-rubber
materials in bacterial suspension at 24 °C and 40 °C (Fig. S6(a)) to
enumerate the difference in bacterial attachment (or, the extent of
antifouling) at the two given temperatures by log;oCFU/ml (Fig. S6(b)).
The coating was additionally characterized by AFM when the nGel
particles returned to room temperature (Fig. S6(c)). The results show
that indeed bringing the coating above the VPPT before use enhances
the nGel antifouling behavior as the CFU count was lower for the heat-
treated samples. The polymeric implant materials presented with stable
antifouling function, with special mention to PP and PEEK for their
exceptional ability to tolerate most CR D/S processes in the context of
both coating stability (Fig. 2(IV)) and retention of the antifouling
function, (Fig. 4(a)) making them a highly robust material of choice.
The interplay among the three crucial factors- implant material, nGel
coating (with specific function), and the applied D/S processes; form the
pillars behind the fate (success or failure) of the implant for clinical
translation/ application. It should be noted that here the designation of
‘good’, ‘intermediate’ or ‘inadequate’ coating is only confined to our use
of type of materials, nGel, and the treatment combinations, while part of
the study still have to be repeated or redesigned on altering any of the
three pillars. Keskin et al. has demonstrated a 98 % (~1.5 log) reduction
(only 2 % bacteria remaining) in bacterial attachment on the negatively
charged P(NIPMAM) nGel coated glass material [37]. In our previous
work where we developed a universal nanogel-based coating approach

for medical implant materials, we have successfully demonstrated the
application of the positively-charged NIPAM-co-APMA nanogel (nGel)
particles for coating 11 distinct materials with different physicochemical
properties [28]. The coating was homogenous and stable in both in vitro
and short term in vivo study and therefore, we developed a truly uni-
versal coating strategy. D/S form a crucial part of research when
considering to progress towards clinical relevance. Therefore, as part of
our already established system and continuation of our previous work,
we have studied the same nGel coating (while, implementing the same
coating approach) to understand the effect of sterilisation on the nGel-
based universal coatings.

As indicated that the primary amines based nGels particles are
positively-charged so the proteins and polysaccharides being negatively-
charged will attach to the coating via electrostatic interactions. It is
important to understand that here we have presented the most aggres-
sive/ extreme conditions (in terms of choice of particles and treatment
methods) and the nGel based coatings still indicate an improvement in
the antifouling activity for the surfaces with stable coating after the D/S
techniques. This also suggests that if negatively-charged NIPAM or
NIPMAM-based coatings are used, then the antifouling behavior will
show tremendous improvement [37]. While the positively-charged
NIPAM-co-APMA nGel particle is not the most optimum choice to
investigate for antifouling function, our focus here is to study the
retainability of the innate antifouling function in the nGel, following the
treatment with different D/S procedures. Following this, our research
also gives an indication of the possibility to retain any other functions
post sterilization in the future.

Some points of discussion that remains is the possibility of sterilizing
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Fig. 5. (a) Percentage of bacteria remaining on the nGel-coated implant surfaces after D/S processes, compared to their corresponding ‘nGel-coated, non-sterilized’
implant materials (control), calculated from Log;o CFU/ml data in Fig. 4 (b) Overview of ‘good’ (denoted as ‘+’); intermediate (denoted as ‘-’); and ‘inadequate’
coating (denoted as ‘X’) both in terms of stability and retention of the antifouling function on nGel-coated implant surfaces with the potential for clinical suitability/
applicability (based on the quantitative data obtained from (a)). Along with the coating stability data from Table 1, it is regarded as ‘good’ at close to 80 % (~0.7 log)
bacterial reduction (20 % remaining), ‘intermediate’ is marked for < 66.6 % (0.5 log) reduction (33.4 % remaining), and the rest of the conditions were regarded as
‘inadequate’ coatings. The antifouling study for Disinfection LT and HT was only performed for PEEK, so the entries for the other materials is kept blank.

the implant materials prior to coating and implantation in an aseptic
environment. The coating strategy demonstrated here is simple, easy to
implement, cost and time-effective. Therefore, if the coating technology
can be integrated within the clinical setting, consequently, the question
of the stability of the coating and the sustenance of the function along
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with it can be addressed even better. Additionally, when considering
clinal translation, it is of paramount importance to address the issue of
storage and implementation of the thermosensitive coatings in the
physiological system. Based on the VPTT of NIPAM-co-APMA nGel
coatings, it is preferable to store them at body temperature (above the
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VPTT at 33 °C), where the particles are in their hydrophobic state. This
would also mean that during its real-time application in the body, the
particles do not undergo any change in their size or the extent of
wettability. However, this subject should be revisited on altering any of
the aforementioned pillars responsible for the fate of the implant in the
body. For instance, if NIPAM or NIPMAM-based coatings are used, then
their respective VPTT would also change (shift) and the storage tem-
perature should be reconsidered. While these in vitro data are promising,
additional in vivo studies would provide more conclusive results on the
effect of different sterilization techniques on the coating integrity and
stability of other functionalities such as antimicrobial, antifouling [29],
encapsulated drugs/ drug release [31] or imaging modalities [34].

5. Conclusions

Medically-relevant implant materials belonging to different classes
of implants were examined with and without the NIPAM-co-APMA nGel
coating and they underwent a versatile range of IH and CR D/S tech-
niques. The polymeric materials showed stable coating under most D/S
processes, while the coating washed away after treatment of the inor-
ganic materials. The combination of the implant material used, type of
nGel applied as coating and the D/S method used play a role in guiding
the clinical success or failure of the implant in the host body. While our
research indicates a high reduction in the adherence of bacteria on the
‘nGel coated, sterilized” PP and PEEK, it is only specific to these condi-
tions. Changing any of these factors would require a part of the study to
be repeated again. The study is of utmost importance when considering
the translation of bench research to clinical applications. Our research
provides a thorough overview of the optimum D/S techniques (though,
gamma irradiation and ethylene oxide were not considered here) that
are compatible to the implant materials and furthermore, provide an
indication for the possibility to sterilize other functionalized (drug, an-
timicrobials, imaging modalities) nGel coated implant materials in the
future.
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