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ABSTRACT: The World Health Organization (WHO) estimates that 30%
people in the world lack access to safe drinking water due to the presence of
toxic waterborne contaminants, which kills more than 7.6 million children every
year. Marine mussels secure themselves in the environment via foot proteins
containing 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine amino acids.
Inspired by mussel surface chemistry, in the current paper, we report the
development of novel composite nanoparticles via functionalization of
polydopamine nanoparticle with graphene oxide and e-poly-L-lysine, which
can be used in decontamination of toxic waterborne contaminants and
disinfection of drug resistance pathogens from environmental water samples.
Reported composite nanoparticles with specific surface area 410 m’g~', pore
volume 0.620 cm® g™, and pore size between 2 and 130 nm have been used as
channels for water passage and captured toxic metals as well as drug resistant
pathogens. The surface oxygen-containing groups from GO and the functional

Epsilon-
poly-L-
lysine

groups of catechols and amines in PD nanoparticles have been used as active sites for decontamination of heavy metals ions. -
Poly-L-lysine, a natural antimicrobial peptide, has been attached to the composite nanoparticle for killing of superbugs captured
by the membrane. Reported data demonstrated that composite nanoparticles can be used for efficient separation of several
heavy toxic metals such as Cr®+, Pb**, Cu*, Hg*', and Zn** from environmental water samples. The same membrane also can
be used for 100% separation and eradication of different superbugs such as f-lactamase (ESBL)-producing Klebsiella pneumoniae
(KPN) and methicillin-resistant Staphylococcus aureus (MRSA). Possible mechanisms for water contaminant separation and

29 disinfection of superbugs using composite nanoparticles are discussed.

30  KEYWORDS: polydopamine nanoparticles, graphene oxide, e-poly-1-lysine, waterborne contamination,

31 eradication of multidrug-resistant superbugs

1. INTRODUCTION

32 According to the World Health Organization (WHO) and the
33 United Nations (UN), 3 in 10 people in the world lack access to
34 safe drinking water due to toxic waterborne pollutant
35 infection."”” Due to agricultural, medical, and other industrial
36 pollutants contamination, common water sources are infected
37 by heavy toxic metals such as As*, Pb**, Cu**, Hg’*, and Zn?,
38 which raised huge concerns in our society for potential
39 hazardous impacts on health.'~* As per UNICEF data published
40 in 2018, waterborne diseases due to pathogenic bacteria
41 infection in drinking water kill more than 7.6 million children
42 every year in our society.” According to the Centers for
43 Disease Control and Prevention (CDC) data published in
44 2018,°~7 multidrug-resistant superbugs such as methicillin-
4s resistant Staphylococcus aureus (MRSA) and f-lactamase
46 (ESBL)-producing Klebsiella pneumoniae (KPN) are responsible
47 for more than 2 million hospital-acquired infections and around
48 100,000 deaths annually.’~” Driven by the continuous rise of
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toxic metal concentrations in water and the number of new types
of superbug strains in our society, there is an urgent demand for
the search for new types of water separation membranes for the
decontamination and disinfection of waterborne pollutants." ™"
Here we report the design of mussels inspired surface chemistry
based polydopamine nanoparticle (PD-NP) attached graphene
oxide (GO) conjugated e-poly-L-lysine (&-PL) based composite
nanoparticles, as shown in Scheme 1, which has capability for
decontamination of toxic waterborne pollutants and disinfection
of superbugs from environmental water samples.

Over billions of years of evolution, nature has optimized
materials with unique combinations of functions to achieve
maximal performance in this environment.'*™*° For example,
marine mussels are well-known to be the masters of adhesion
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“(A) Development of graphene oxide from graphite using Hummer’s method. (B) Development of polydopamine nanoparticle from polydopamine
via polymerization. (C) Synthetic procedures we have used to develop PD-NP attached two dimensional GO. (D) Synthetic procedures we have
used to develop PD-NP attached GO conjugated &-PL based three-dimensional composite nanoparticle.

63 due to the presence of Mytilus edulis foot protein-5, which
64 contain 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine
6s (Lys).”"~** At the molecular level, catechol from DOPA and
66 amine from lysine in the Mytilus edulis foot protein are believed
67 to be highly crucial for achieving strong adhesion proper-
68 ties.”’"*® Catecholamines including dopamine are well

documented to be considered as small-molecule mimics of the ¢
adhesive proteins of mussels."*~*° Due to the widespread use of 7o
mussel-inspired surface chemistry using dopamine and 71
lysine,”**" we have reported the design of a PD-NP attached 7
GO conjugated &-PL based composite nanoparticle which shows 73
promise as a versatile platform for the separation of toxic 74
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75 waterborne pollutants like heavy metals and superbugs, as well as
76 disinfection of superbugs.

77 Graphene oxide (GO), developed via strong oxidation of
78 graphene, contains a huge amount of oxygen-containing
79 functional groups such as hydroxyl, carboxyl, and epoxy, on
80 both basal planes and edges.””~*°

81 In the last few years, we and other groups have reported that
82 GO is highly useful for the development of two-dimensional
83 (2D) and three-dimensional (3D) composites with significant
84 potential for broad use in water purification applications.”*~** In
8s our design, the surface oxygen-containing groups from GO in
86 the membrane allow removal of positively charged heavy metal
87 irons via electrostatic interaction, In the reported three-
88 dimensional composite nanoparticle, dopamine plays multi-
89 functional roles and those are the formation of polydopamine
90 (PD) nanoparticles from dopamine hydrochloride in the
91 presence of tris buffer as well as surface functionalization agents
92 for graphene oxides to develop composite nanoparticles with
93 plenty of interconnected pores with pore size between 2 and 130
94 nm, which has been used as channels for water passage. Since the
95 surfaces of PD nanoparticles have abundant functional groups of
96 catechols and amines, in our design, those surface functional
97 groups have been used as active sites for decontamination of
98 water via interaction with heavy metal ions. Since the sizes of
99 superbugs are 1 ym and above whereas the pore size of the
100 membrane is below 300 nm, all superbugs are captured by the
101 membrane, because superbugs are not able to pass through the
102 membrane. We have used e-poly-L-lysine, a natural antimicrobial
103 peptide,””™* for killing of superbugs captured by the
104 membrane. Since ég-poly-L-lysine is known to kill micro-
105 organisms via disruption of a cell membrane, it has been used
106 as food preservative in industry very often.**~* In our design,
107 for the disinfection of superbugs we have developed &-poly-L-
108 lysine attached PD nanoparticle conjugated composite nano-
109 particle, as shown in Scheme 1. Reported data in the paper shows
110 that e-poly-L-lysine attached PD nanoparticle conjugated
111 composite nanoparticles can be used for efficient separation of
112 several waterborne toxic metals such as Cr®*, Pb**, Cu®*, Hg*,
113 Cr**, and Zn*" from environmental water samples from different
114 sources. We have also demonstrated that the same architecture
115 can be used for 100% separation and eradication of different
116 super bugs such as MRSA and ESBL-KPN from environmental
117 water samples from different sources.

=3
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2. RESULTS AND DISCUSSION

s 2.1. Design of Novel Composite Nanoparticle via
119 Functionalization of Polydopamine with Graphene
120 Oxide and e-Poly-L-lysine. As shown in Scheme 1, we used
121 a multistep synthetic procedure to develop PD-NP attached GO
122 conjugated e-PL based composite nanoparticles. As reported in
123 Scheme 14, initially we developed water-soluble graphene oxide
124 from graphite using the well documented Hummer’s method as
125 we and others have reported before.””™*’ After that, we
126 developed polydopamine nanoparticles, as reported in Scheme
127 1B. PD-NPs were synthesized using the following literature
128 procedure via a modified Stober method.”*~>* For this purpose,
129 1.0 g of dopamine hydrochloride was dissolved in a solution of
130 100 mL of ethyl alcohol and 200 mL of water. Subsequently, 4
131 mL of concentrated NH,OH was finally added to the reaction
132 mixture under vigorous stirring at room temperature. After 24 h,
133 PD-NPs were separated via centrifugation at 8500, washed with
134 water several times, and dried under vacuum. As shown in
135 Scheme 1C, in the next step, we developed PD-NP-graphene
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Figure 1. (Al) Surface SEM image of polydopamine nanoparticle
developed via a modified Stober method. SEM image shows the particle
size is SO + 6 nm. (A2) SEM analysis shows the percent of different size
polydopamine particles, which indicates that the particle size varies
from 44 to 56 nm. (B1, B2) SEM images from PD-NP attached GO
conjugated &-PL based composite nanoparticle: (B1) surface view and
(B2) cross section view. Insert EDX data in B1 show the presence of C,
N, and O. (C) FTIR spectra of PD-NP attached GO conjugated &-PL
based composite nanoparticle, which shows the presence of —OH
stretch, amide-A, amide-I, amide-II, amide-III, and —CO stretch and
—C—H polysaccharide vibrational bands. (D) Raman spectra from PD-
NP attached GO conjugated &-PL based composite nanoparticle
indicates the presence of D and G bands. (E) X-ray diffraction spectra
from PD-NP indicate the presence of (111) reflection for polydop-
amine. (F) X-ray diffraction spectra from composite nanoparticle,
which indicate the presence of (111) reflection for polydopamine and
(001) reflection for GO. (G) N, adsorption/desorption isotherm of
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Figure 1. continued

PD-NP attached GO conjugated &-PL based composite nanoparticle,
which shows type III isotherms. (H) Pore size distributions from PD-
NP attached GO conjugated e-PL based composite nanoparticle, which
shows pore size ranging from 2 to 130 nm and highest density at around
70 nm.

136 oxide based composite nanoparticles. For this purpose, 200 mg
137 of freeze-dried graphene oxide (GO) was dispersed in 250 mL of
138 double distilled water through ultrasonication for 2 h. To this
139 suspension, dopamine nanoparticles were added and stirred.
140 Then we used EDC (1-ethyl-3-(3-(dimethylamino)propyl)-
141 carbodiimide)/NHS (N-hydroxysuccinimide) chemistry to
142 develop dopamine nanoparticle attached GO. In the next step,
143 e-poly-L-lysine was added to the dopamine nanoparticle
144 attached GO, as shown in Scheme 1D. After that we used
145 EDC coupling chemistry to develop composite nanoparticles.
146 Then the mixture was sonicated for 30 min. In the next step, we
147 kept the sample mixture on an oil bath at about 80 °C under a
148 hood for 90 min.

149 After that, we performed sonication for 1.5 h to separate PD-
150 NP attached GO conjugated e-PL based composite nanoparticle
151 from the reactants. After sonication, the semisolid product was
152 used to develop the round shape membrane using spin-casting at
153 1500 rpm onto the glass substrate. Finally, we performed
154 vacuum-drying overnight at 60 °C. After that, the PD-NP
155 attached GO conjugated e-PL based composite nanoparticle
156 membrane was removed from the glass substrate and stored for
157 use for water purification.

158 We used high-resolution tunneling electron microscopy
159 (HRTEM), energy-dispersive X-ray (EDX) spectroscopy, X-
160 ray diffraction (XRD) spectroscopy, Raman spectroscogy, and
161 other techniques as we have reported before,"'~'**°™* to
162 characterize PD nanoparticle and PD-NP attached GO
163 conjugated &-PL based composite nanoparticles. Scanning
164 electron microscopy (SEM) image, as reported in Figure 1A1,
165 and SEM image analysis as reported in Figure 1A2 show that the
166 average size for freshly developed polydopamine nanoparticle
167 via modified Stober method is 50 + 6 nm. Similarly, the SEM
168 image, as reported in Figure 1B1 and B2, shows the morphology
169 of freshly developed PD-NP attached GO conjugated e-PL
170 based porous architecture. The inset EDX data clearly shows the
171 presence of C, N, and O in our developed composite
172 nanoparticles. As reported in Figure 1C, the Fourier transform
173 infrared (FT-IR) spectroscopy of our developed composite
174 nanoparticle, shows the presence several different types of
175 surface functional groups such as amide A, —OH, amide-],
176 amide-II, amide-III, and C=0. The presence of different amide
177 groups indicates that graphene oxides are attached with peptide
178 and polydopamine nanoparticles. The Raman spectra from
179 composite nanoparticles, as reported in Figure 1D, clearly shows
180 the presence of D and G bands which originate from graphene
181 oxide.””~** Figure 1E shows the powder XRD spectrum of
182 polydopamine nanoparticles, which indicates the presence of
183 (111) reflection for polydopamine.”~>° On the other hand,
184 XRD data from composite nanoparticles, as reported in Figure
185 1F, shows two peaks and those are the (111) reflection for
186 polydopamine and (001) reflection for GO.?*~**

187 We measured the specific surface area for freshly developed
188 PD-NP attached GO conjugated &-PL based composite
189 nanoparticles using N, adsorption/desorption data. For this
190 purpose, we used a Tristar II 3020 surface area analyzer
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(Micromeritics). Experimental details have been reported 191
previously.”®*” On the other hand, for the measurement of 192
pore size distribution for freshly developed PD-NP attached GO 193
conjugated e-PL based composite nanoparticles, we used the 194
Barrett—Joyner—Halenda (BJH) method. Experimental details 195
have been reported previously.””* Brunauer—Emmett—Teller 196
(BET) analysis from PD-NP attached GO conjugated &-PL 197
based composite nanoparticles, as reported in Figure 1G, 198
indicates that the specific surface area for our developed 199
architecture is 410 m> g~', with a pore volume of 0.620 cm® g™". 200
Using the BJH method, we also estimated the pore size 201
distribution, as reported in Figure 1H, which indicates that the 202
pore size ranges from 2 to 130 nm. In the next step, we also 203
measured the water flux for PD-NP attached GO conjugated &- 204
PL based composite nanoparticles. For this purpose, we 205
collected the permeated water through the nanoporous 206
composites using an electronic balance, as we have reported 207
before.**™*’ From the experiment, we estimated the water flux 208
for PD-NP attached GO conjugated &-PL based composite 209
nanoparticle to be 1382 L m > h™" bar™". 210

2.2.Use of PD-NP Attached GO Conjugated ¢-PL Based 211
Composite Nanoparticle for Decontamination of Toxic 212
Metal from Environmental Water Sample. Next, to find out 213
whether PD-NP attached GO conjugated e-PL based composite 214
nanoparticlse can be used for the decontamination of toxic metal 215
from environmental water samples, we performed several 216
different experiments as discussed below. At first, we infected 217
the drinking water sample with Cr(VI), Hg(II), Pb(II), Cd(II), 218
and Zn(II), selectively and simultaneously. For the selective 219
toxic metal ion experiment, we used 10 ppm concentration of 220
each toxic metal 21

For the mixture of all five metals ion experiment, we used 2 222
ppm concentration for each metal. After that, we performed 223
filtration using our developed PD-NP attached GO conjugated 224
e-PL based composite nanoparticles. At the end, we used 225
inductively coupled plasma mass spectrometry (ICP-MS) for 226
determining the removal efficiency of different toxic metals 227
using PD-NP attached GO conjugated &-PL based composite 228
nanoparticles. As shown in Figure 2A—D, the reported 22902
experimental data indicates that the removal efficiency for 230
Cr(VI) is 89% and that for Hg(II) is 93%. Whereas the removal 231
efficiency for Pb(II) is 95% and that for Cd(II) is 90%. The 232
observed high removal efficiency using our developed PD-NP 233
attached GO conjugated e-PL based composite nanoparticles is 234
due to the fact that polydopamine contains amine and catechol 235
functionalities which are capable of scavenging metals. Also, in 236
the presence of nitrogen heteroatoms, PD nanoparticles have a 237
strong tendency to interact with positively charged metal ions, 238
which also helps to remove toxic metal ions.”*~*° On the other 239
hand, the surface oxygen-containing groups in graphene oxide 240
allow removal of positively charged heavy metal ions via 241
electrostatic interaction.’”>* Since in real life a water sample 242
can contain all different metal ions together, next we performed a 243
filtration experiment where all five toxic metals are present in the 244
water. As shown in Figure 2F, the toxic metal removal efficiency 245
is between 80 and 90%, when several toxic metals are present 246
together. 247

Next, to find out whether PD-NP attached GO conjugated &- 248
PL based composite nanoparticles can be used for the separation 249
of toxic metals from an environmental sample, we used tap 250
water, lake water, Mississippi River water, and Mississippi 251
reservoir water samples spiked with Cr(VI), Hg(1l), Pb(II), 252
Cd(11), and Zn(II) (2 ppm concentration each) simultaneously. 253
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Figure 2. (A) Cr(VI) (10 ppm concentration) removal efficiency from
drinking water using PD-NP attached GO conjugated e-PL based
composite nanoparticles. (B) Hg(II) (10 ppm concentration) removal
efficiency from drinking water using PD-NP attached GO conjugated &-
PL based composite nanoparticles. (C) Pb(II) (10 ppm concentration)
removal efficiency from drinking water using PD-NP attached GO
conjugated &-PL based composite nanoparticles. (D) Cd(II) (10 ppm
concentration) removal efficiency from drinking water using PD-NP
attached GO conjugated &-PL based composite nanoparticles. (E) Plot
showing how the pH of water influences the removal efficiency for a
mixture of different toxic metals [Cr(VI), Hg(II), Pb(II), Cd(1I), and
Zn(11)] (2 ppm concentration for each metal ion) from drinking water
using PD-NP attached GO conjugated &-PL based composite
nanoparticles. (F) Percentage of toxic metal removal efficiency for a
mixture of different toxic metals [Cr(VI), Hg(II), Pb(II), Cd(1I), and
Zn(II)] (2 ppm concentration for each metal ion) from drinking water
using PD-NP attached GO conjugated &-PL based composite
nanoparticles. (G) Plot showing how the source of water influences
the toxic metal removal efficiency for a mixture of different toxic metals
[Cr(VI), Hg(II), Pb(11), Cd(II), and Zn(II)] (2 ppm concentration for
each metal ion) using PD-NP attached GO conjugated &-PL based
composite nanoparticles. (H) Plot showing how the removal efficiency
of different toxic metals [Cr(VI), Hg(II), Pb(II), Cd(II), and Zn(II)]

Figure 2. continued

(2 ppm concentration for each metal ion) varies with number of cycles
of filtration.

Since the pH can be different for different sources of water,
initially we performed an experiment on how the pH of water
can influence the removal efficiency of different toxic metal ions.
As shown in Figure 2E, the best performance is observed when
pH is between 5 and 9. At higher acidic and basic pH, the
removal efficiency decreases and this is due to the fact the
oxygen functional groups in GO and amine, catechol groups in
PD is highly protonated in acidic pH and deprotonated in basic
pH. Due to the observed pH effect, we measured the pH of
environmental water collected from tap water, lake water,
Mississippi River water, and Mississippi reservoir and we
determined that the pH varies from 5 to 9. Experimental data
reported in Figure 2G clearly shows that the toxic metal removal
efficiency varies between 80 and 90%. The reported data also
indicates that although environmental water from different
sources contains different organic compounds and other metals
ions like sodium, potassium, and magnesium, our developed PD-
NP attached GO conjugated &-PL based composite nano-
particles can be used for targeted metal ion separation in the
presence of other metal ions and organic pollutants. As reported
in Figure 1H, the removal efficiency performance for the
composite material decreases around 10% after 10 cycles of
filtration. The observed decrease in removal efficiency can be
due to the fouling issue of composite material which occurs due
to the accumulation of microorganisms on the surface from the
environmental water sample. To compare the removal efficiency
for the developed composite materials with a commercially
available activated carbon filter, we also performed the same
experiment with an activated carbon filter. From the
experimental data, we found out that the removal efficiency
for heavy metals using the developed composite material is
comparable for the activated carbon filter. Although removal
efficiency is comparable, we have noted the removal efficiency
performance is almost unchanged after 10 cycles for the
activated carbon filter, whereas as reported in Figure 2H the
removal efficiency performance decreases around 10% after 10
cycles for the developed composed materials,

2.3. Use of Composite Nanoparticle for Disinfection of
Superbugs from Environmental Water Sample. Next, to
find out whether PD-NP attached GO conjugated &-PL based
composite nanoparticle can be used for the removal and killing
of superbugs from environmental water samples, we performed
several different experiments as discussed below. At first, we
infected the drinking water sample with MRSA and KPN
superbugs, selectively and simultaneously. For the selective
separation and killing experiment, we used a 1 X 10° CFU/mL
concentration of each superbug. For the mixture of MRSA and
KPN superbugs experiment, we used a S X 10* CFU/mL
concentration for each superbug. After that, we performed
filtration using our developed PD-NP attached GO conjugated
&-PL based composite nanoparticles. At the end, we used reverse
transcription polymerase chain reaction (RT-PCR) technique
and colony plating technique on LB agar for determining the
removal efficiency of different toxic metals using PD-NP
attached GO conjugated &-PL based composite nanoparticles.
Experimental details have been reported previously.''~'#¢737

Colony counting data reported in Figure 3A,B and RT-PCR

262

275

290
291

309

310 f3

data reported in Figure 3D—F clearly show that almost 100% of 311
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Figure 3. (A, B) Colony counting data shows colonies of KPN, which
indicate the amount of live KPN superbugs (A) before filtration and (B)
after filtration using PD-NP attached GO conjugated &-PL based
composite nanoparticles. (C) Top view SEM image data after filtration
using PD-NP attached GO conjugated &-PL based composite
nanoparticles, which shows that KPN superbugs are captured by
composite nanoparticle. membrane. (D) Plot showing the percentage
of KPN removed using PD-NP attached GO conjugated &-PL based
composite nanoparticles, when the KPN concentration was 1 X 10°
CFU/mL. (E) Plot showing the percentage of MRSA removed using
PD-NP attached GO conjugated &-PL based composite nanoparticles,
when the MRSA concentration was 1 X 10° CFU/mL. (F) Percentage
of superbug removal efficiency for the mixture of MRSA and KPN in
water (S X 10* CFU/mL concentration for each superbug) using PD-
NP attached GO conjugated &-PL based composite nanoparticles. (G)
Plot showing how the pH of water influences the removal efficiency for
a mixture of superbugs from drinking water using PD-NP attached GO
conjugated e-PL based composite nanoparticles.

312 KPN and MRSA can be removed selectively or simultaneously
313 using our PD-NP attached GO conjugated &-PL based 3D
314 architecture. Our observed very high removal efficiency for KPN
315 and MRSA using the PD-NP attached GO conjugated &-PL
316 based composite nanoparticles is due to the fact that the size of
317 the superbugs is larger than the pore size of the composite
318 nanoparticles. Since the size of KPN is greater than 1 y#m and the
319 size of MRSA is between 0.5 and 1 ym, whereas the pore size of
320 our PD-NP attached GO conjugated e-PL based composite
321 nanoparticles is less than 120 nm, only water can pass through.
322 On the other hand, due to the much bigger size, superbugs will
323 not able to go through the PD-NP attached GO conjugated &-PL
324 based composite nanoparticles. To characterize the captured
325 superbugs by our developed PD-NP attached GO conjugated é&-
326 PL based composite nanoparticles, we performed a high-
327 resolution SEM experiment as shown in Figure 3B. Reported
328 experimental data clearly indicate that superbugs are captured

—

on the surface of the membrane. Since the pH of water can be 329
different for different sources of water, we also performed an 330
experiment on how the pH of water can influence the removal 331
efficiency of different superbugs. As shown in Figure 3G, the 332
removal efficiency is almost independent of the pH of water 333
within the range of 4—11. The observed almost pH independent 334
superbug removal efficiency is mainly due to the fact that the 335
superbugs are captured due to their size which is much larger 336
than the pore size of our developed PD-NP attached GO 337
conjugated e-PL based composite nanoparticles. Since pH 338
change can only change the protonation or deprotonation 339
character for the functional groups attached with membrane and 340
it does not effect the pore size abruptly, we did not observe any 341
significant change in superbug removal efficiency as we vary the 342
pH of water. Since superbugs like MRSA and KPN are known to 343
be transmitted through contaminated water, for possible 344
practical uses for our developed PD-NP attached GO 345
conjugated e-PL based composite nanoparticles, it is extremely 346
important that the composite nanoparticles have the capability 347
to disinfect superbugs after separation. To find out whether PD- 348
NP attached GO conjugated &-PL based composite nano- 349
particles can be used for the killing of superbugs which have been 350
captured from environmental water samples, we performed 3s1
several different experiments as discussed below. After filtration, 352
we used the colony plating technique on LB agar as well as 353
LIVE/DEAD BacLight Molecular Probes kit for determining 354
the amounts of live/dead bacteria after capture by PD-NP 3ss
attached GO conjugated &-PL based composite nanoparticles. 356
Experimental details for colony plating technique on LB agar as 357
well as LIVE/DEAD BacLight Molecular Probes kit have been 3s8
reported before."' ~'* As reported in Figure 4A—D, almost 100% 359 4
of MRSA and KPN superbugs are killed when they are captured 360
by our developed PD-NP attached GO conjugated &-PL based 361
composite nanoparticles. 362

Next to determine the superbug killing mechanism using our 363
developed PD-NP attached GO conjugated &-PL based 364
composite nanoparticles, we also performed the same experi- 365
ment with PD-NP attached GO based composite nanoparticles 366
without e-PL, As reported in Figure 3C, less than 20% KPN and 367
MRSA superbugs are killed when those superbugs are captured 368
by PD-NP attached GO based composite nanoparticles without 369
€-PL; on the other hand 100% KPN and MRSA superbugs are 370
killed when those superbugs are captured by PD-NP attached 371
GO conjugated e-PL based composite nanoparticles. Around 372
18% superbug death using PD-NP attached GO based 373
composite nanoparticles is due to the mechanical wrapping 374
which may cause induced membrane stress, disrupting and 375
damaging cell membranes, as we and others reported 376
before.**~***"*> Mechanical wrapping of KPN superbugs also 377
can be seen in the SEM image reported as Figure 3C in this 378
paper. Reported results in Figure 3C clearly indicate that 379
attachment of e-PL antimicrobial peptide in composite 380
nanoparticles is very important for disinfection of superbugs. 3s1
It is now well reported that &-PL can bind to the membrane 382
surface of bacteria by electrostatic interaction.”™* It is also 383
well-known that &-PL antimicrobial peptide can fracture the 384
membrane surface of bacteria, and as a result the cell contents 385
leak out. ™" 386

To understand whether our developed PD-NP attached GO 387
conjugated &-PL based composite nanoparticles can damage the 388
membrane of superbugs, we performed a bacterial ATP leakage 389
experiment using Molecular Probes ATP determination kit 390
(Thermo Fisher Scientific). Experimental details have been 301
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Figure 4. (A) MRSA superbug viability after filtration using PD-NP
attached GO conjugated &-PL based composite nanoparticles. We used
the Molecular Probes LIVE/DEAD BacLight Bacterial Viability kits to
determine amount of live and dead superbugs after filtration. (B) Plot
indicating percentage of live MRSA and KPN superbugs after filtration
using PD-NP attached GO conjugated &-PL based composite
nanoparticles. We used colony counting as well as Molecular Probes
LIVE/DEAD BacLight Bacterial Viability kits to determine the amount
of live and dead superbugs. (C) Plot indicating percentage of live KPN
superbugs after filtration using PD-NP attached GO based composite
nanoparticles without e-PL and PD-NP attached GO conjugated &-PL
based composite nanoparticles. We used colony counting as well as
Molecular Probes LIVE/DEAD BacLight Bacterial Viability kits to
determine the amount of live and dead KPN superbugs. (D) Plot
indicating percentage of live KPN superbugs when treated with &-PL
only and after filtration using PD-NP attached GO conjugated &-PL
based composite nanoparticles. We used colony counting as well as
Molecular Probes LIVE/DEAD BacLight Bacterial Viability kits to
determine the amount of live and dead KPN superbugs. (E) Plot
showing relative cellular ATP leakage percentage for KPN superbugs
when bacteria were treated with &-PL, PD nanoparticles, GO and PD-
NP attached GO conjugated e-PL based composite nanoparticles
separately.

392 reported before.'"'” For this experiment, PEG coated gold

393 nanoparticles, which are known to be nontoxic, are utilized, as
394 we and others have reported before. ATP leakage experiment
395 data as reported in Figure 4E clearly shows our developed PD-
396 NP attached GO conjugated &-PL based composite nano-
397 particles can promote high leakage of cellular ATP in the case
398 KPN. Reported data also shows that &-PL also promotes leakage
399 of cellular ATP, but the amount is much lower than that caused
400 by PD-NP attached GO conjugated &-PL based composite
401 nanoparticles. Experimental data reported in Figure 4D also
402 indicate that only &-PL can kill only 55% KPN when the
403 concentration of e-PL used was 100 #M. On the other hand, PD-
404 NP attached GO conjugated &-PL based composite nano-

particles can kill 100% KPN, although the concentration of e-PL 405
used was 100 yM for composite nanoparticle formation. 406

To understand the observed experimental data, we have 407
determined the minimum inhibitory concentrations (MICs) for 408
e-PL against KPN and MRSA, using the National Committee for 409
Clinical Laboratory Standards [NCCLS]. Experimental details 410
have been reported before.'” From the experimental results, the 411
MICs of e-PL were determined to be 220 yM for MRSA and 175 412
uM for KPN. The observed very high killing of superbugs using 413
PD-NP attached GO conjugated &-PL based composite 414
nanoparticles can be due to the fact that when superbugs are 415
trapped by composite nanoparticles, it causes high membrane 416
stress. It becomes a very good condition for &-PL to bind to the 417
membrane surface of bacteria by electrostatic interaction and 418
fracture the membrane surface of bacteria, and as a result 419
superbugs are killed due to the disrupted and damaged cell 420
membranes. 421

3. CONCLUSIONS

In the current Article, we have reported the development of PD- 422
NP attached GO conjugated &-PL based novel composite 423
nanoparticles via functionalization of polydopamine nano- 424
particles with graphene oxide and e-poly-L-lysine. Experimental 425
data reported in this paper indicate that our developed PD-NP 426
attached GO conjugated &-PL based composite nanoparticles 427
can be used in the decontamination of toxic waterborne 428
contaminants and disinfection of drug resistant pathogens from 429
environmental samples. We have shown that composite 430
nanoparticles can be used for efficient separation of several 431
heavy toxic metals such as Cr®+, Pb**, Cu*, Hg?*, and Zn** from 432
environmental water samples. Reported data also shows that 433
porous composites developed by us can be used for 434
simultaneous removal of several toxic metals together from 435
environmental river, lake, and tap water samples. We have also 436
demonstrated that PD-NP attached GO conjugated e-PL based 437
composite nanoparticles can be used for 100% separation and 438
eradication of different superbugs. Experimental data indicates 439
that since the pore size of the PD-NP attached GO conjugated &- 440
PL based composite nanoparticles (less than 130 nm) is much 441
smaller than the size of KPN and MRSA superbugs, 100% of 442
superbugs were captured by the membrane and only water 443
passed through the porous membrane. Reported superbug 444
killing data shows that PD-NP attached GO conjugated &-PL 445
based composite nanoparticles not only captured the superbugs 446
but also killed them totally. Although our reported data show 447
that the developed novel composite nanoparticles may be used 448
for the separation of toxic metals and disinfection of superbugs, 449
research needs to be performed for proper engineering design to 4s0
obtain highly repeatable and recyclable membranes for multiple 451

end-use applications. 452
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