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Abstract

The interaction between microorganisms and nanopestis a crucial step towards
understanding the subsequent biological effect.this study, the interaction between 7FiO
nanoparticles and bacterial cell membrane was figaged by Two-dimensional Correlation
Fourier Transformation Infrared spectroscopy (2DA=COS) using bacterial ghosts (BGs), which
are non-living bacterial cell envelopes devoid oftoplasm. The synchronous map of
2D-FTIR-COS results indicated that the functiomaditin proteins of BGs preferentially interacted
with TiO, nanoparticles; whereas the interaction of Jli@anoparticles with characteristic
functionality in polysaccharides (C—OH) and phodpids (P=0) were very weak or insensitive.
This conclusion was further corroborated by saitliri TiO, nanoparticles in the presence of pure
protein, polysaccharide and phospholipid represebyebovine serum albumin (BSA), alginate and
phosphatidylethanolamine (PE). Additionally, thgrasironous map of 2D-FTIR-COS indicated a
sequential order of functionalities bonded to Ji@noparticles with the order of: CO® aromatic
C=C stretching > N-H, amide Il > C=0, ketone. Thésdings contribute to deeper understanding

of the interaction between Tianoparticles and bacterial cell membrane in agggstems.

Keywords. Titanium dioxide nanoparticles; Bacterial ghoska,o-dimensional FTIR correlation;

Nanoparticle-cell membrane interaction
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1. Introduction

Titanium dioxides (TiQ) nanopatrticles is one of the most widely used naaterials, with
applications as cosmetics (Auffahal., 2010), sunscreens (Nohynekal., 2007), food additives
(Weir et al., 2012) and photocatalysts (Hoffmaehal., 1995). The annual production of HO
nanoparticles is rapidly increasing and estimateckéch 2.5 million metric tons by 2025 (Menard
et al., 2011). Due to the increased production and agpdic of synthetic Ti@nanopatrticles, their
release into the environment is inevitable. Howgirdormation regarding the TigOnanoparticles
toxicity, transport and fate in both natural andjierered systems is still scarce. Based on the
existing studies, it is proposed that the intetactbetween nanoparticles and the membranes of
microorganisms can be a critical initial procesattprecedes the toxicity pathways as well as
influences the environmental fate of nanoparti@@sen and Bothun, 2014).

To date, most related investigation on the intéwacbetween cells and nanoparticles were
mainly focused on how water chemistry, such as pd ®nic strength, affect the interaction
between cells and nanoparticles (Freethl., 2009; Maet al., 2015). For example, solution pH
determines the surface charges (i.e. zeta potehtadl both cells and nanoparticles, and thus
influences the electrostatic interaction profilevieen the two objects. It was observed in many
studies that low pH enhanced this interaction duké nanoparticles being more positively charged
while cells remaining negatively charged (Khairal., 2011; Schwegmanet al., 2013). Salt ions
can compress the electro-double layer of nanopestiand cells, thereby reducing or eliminating
the electro-double layer interaction. As a consagagthe commonly attractive van der Waals force
becomes dominated and results in enhancement lofwoéhce and nanoparticle interaction under

high ionic strength in water (Mukherjee and Wea2€4.0; Liet al., 2011; Shihet al., 2012). These
3
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results could be well described by the Derjaguindau-Verwey-Overbeek (DLVO) theory due to
the fact that the sizes of both microorganism catid nanoparticles aggregates are within the scale
of colloids. More recently, more comprehensive &si@n the interaction between cell surface and
nanoparticle in the presence of natural organicter&t(NOM) have been carried out to mimic
natural water environment (Liret al., 2012). It was pointed out that the both bulk and
nanoparticle-bound NOM can inhibit the interactiostween cells and nanoparticles due to the
delivery of negative charge to the surface of;lil@noparticles by NOM.

Approaches to probe the nanoparticle-membraneaictien are quite diverse, including by
atomic force microscopy (AFM) (Lerouedt al., 2007; Roiteret al., 2008), optical tweezers
(Ruscianoet al., 2009), and quartz crystal microbalance with g@son monitoring (QCM-D)
(Keller and Kasemo, 1998; Zhang and Yang, 2011)MEECis the most extensively used tool for
nanoparticle-membrane interaction due to its gbibtin situ detection of nanoparticles adsorption
on model cell membranes at a sensitivity levelaag &s tens of nanograms (Chen and Bothun,
2014). However, these techniques cannot distinguitith constituents or functionality of cell
membrane correspond to the interaction when a nmemsbwith multiple constituents is applied.
Therefore, the binding affinities of cell surfaamstituents or functional groups to nanopartickes a
unexplored.

Fourier transform-infrared (FTIR) spectroscopy is varsatile technique that offers a
comprehensive insight into the molecular structofeprinciple constituents in bacterial cell
membranes, such as protein, polysaccharide and (Mecozziet al., 2009). Two-dimensional
correlation spectra (2D-COS), developed by Nod®38).9can be applied to resolve the overlapped

peaks by distributing the spectral intensity tremdisng a second dimension with the data set
4
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collected as a function of a perturbation (e.getinemperature, concentration, etc.) (Noda, 1993;
Dluhy et al., 2006). More importantly, it can also provide timformation about the relative
direction and sequential orders of structural \emns in response to the perturbation. Thus,
2D-COS has been successfully applied to exploreirttexaction processes of NOM and FiO
nanoparticles (Chee al., 2014). To the best of our knowledge, there iditeoature reporting the
application of 2D-FTIR-COS in the investigation &me interaction between nanoparticles and
biological relevant components.

So far, the molecular mechanisms of the interacbetween the NPs and bacterial cell
membrane remain unclear, particularly, informatwnadsorption affinities of individual molecular
constituents and functional groups is lacking. ©héhe major challenges is that cell membrane is
dynamic and heterogeneous comprising multiple corapts such as phospholipid, protein, and
polysaccharide (Chen and Bothun, 2014) that cad kaa more elaborate analysis of the
mechanisms involved. Another challenge is that kedls undergoing metabolic process would
secrete soluble microbial product (SMP) into thact®n solution and undoubtedly affect the
interaction profile between cell surface and nantigdas (Niet al., 2011). A strategy to carry out
nanoparticle-membrane interaction studies is toleynmodel membrane systems based on the
phospholipid bilayer backbone of the cell membraneh as lipid vesicles (Hoet al., 2012;
Lesniak et al., 2013; Chen and Bothun, 2014). Such systems cafurtiger elaborated on by
introducing other relevant components (i.e. protd polysaccharides) that will make them more
resemble the structure of cell membrane. Nevertselehe synthesis of multi-components
membrane architectures requires complex procedamesstudies employing model membranes

with embedded constituents such as protein andsaotharide is still lacking to completely
5
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explore the interaction mechanism.

Bacterial ghosts (BGs) have recently emerged a®lneaccine candidates owing to their
properties of being non-living bacterial cell meane structure (cell envelopes) devoid of
cytoplasmic constituents, and maintaining the ¢ellular morphology and surface constituents of
their living counterparts (Jalawh al., 2002; Kudelat al., 2010). Moreover, the BGs can be easily
produced by genetic methods or chemical methodsy(Maal., 2005; Amaraet al., 2013b).
Therefore, it will be advantageous to employ BGsstady the interaction mechanisms of
nanoparticles and cell membrane.

The purpose of this study, therefore, is to ingede the interaction between TiO
nanoparticles and cell membrane, by 2D-FTIR-CO$rigie, with BG as a model system. The
settling experiments of standard protein, polysaade and phospholipid with TigOwere carried

out to further verify and support the results.

2. Material and methods
2.1 Cdl culturesand TiO, nanoparticles.

Escherichia coli (E. coli) K-12 was used as model bacterium in this studig bacterial cells
were cultured in 50 mL Nutrient Broth ‘E’ (Lancashi UK) with agitation at 200 rpm for 16 h. The
cultures were then washed twice with sterile sadiolation (0.9% NaCl) and resuspended in 50 mL
sterilized saline solution with a cell density & % 10 colony forming unit per milliliter (cfu/mL).
Degussa Ti@ (P25, German) was used as a model Ti@noparticles in this study. The crystalline

structures of the Ti@nanoparticles were identified through X-ray difian (XRD) analysis (Fig.
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S1). Its crystal structure consists of 80% anatask 20% rutile, with an average primary size of
20-30 nm as revealed by transmission electron meoic (TEM) analysis (Fig. S2), which were
consistent with the description of manufacturer poblished literatures (Chowdhuey al., 2011;
Tonget al., 2013a). A stock solution containing 10 g/L P2tusons was used to prepare different
concentrations of Ti@solutions.

2.2 BGspreparation and characterizations.

The BGs were prepared according to a chemical rdatamed “sponge-like” protocol (Amara
et al., 2013a; Amaraet al., 2013b). This method based on using active chémezagents in
concentration between Minimum Inhibition Concentiat (MIC) and Maximum Growth
Concentration (MGC) for bacteria. The MIC and MGIGvere determined according to a previous
report (Andrews, 2001), and shown in Table S1. Fetnv@mical reagents were used in this protocol
and their applied concentrations are determined asg/mL for SDS, 0.02 M for NaOH, 1.05
ug/mL for CaCQ and 64 mM for HO,. In brief, 50 mL of washed cells were incubatethv8DS,
CaCQ and NaOH for 1 h to produce micropores on theasarbf bacteria cells. Then the mixtures
were centrifuged at 4,000 rpm (Hermle Z323, Germday 10 min to evacuate the cytoplasmic
constituent. The cell pellets were then washed wsi#rilized saline solution and resuspended in
H,0, solution for 30 min to guarantee the degradatibthe residual DNA. Finally, the cells were
collected by centrifugation at 4,000 rpm and resngped in 60% ethanol to remove any soluble
organic residual. Then BGs were harvested by dag#iion at 4,000 rpm and resuspended in 50
mL ultrapure water.

Light microscopy, scanning electronic microscopENS and atomic force microscope (AFM)

were used to observe the BGs as well as the ndvawérial cells. Detailed descriptions of these
7



129 works can be found in the supporting informatiohne DNA in the BGs and normal bacterial cells
130 were, respectively, extracted using a Takara MiISBEDNA Extraction Kit. DNA agarose gel
131 electrophoresis (AGE) was also performed with Oa&&§arose gel at 80 V for 45 min in TAE buffer
132 (40 mM Tris-acetate/1 mM EDTA, pH=8) to determime texistence of any residual DNA in the
133 BGs. The concentrations of extracted DNA were defteed via a Nanodrop spectrophotometry
134 (Model 2000C, Thermo Scientific, Waltham, MA, USA).

135

136 2.3 Interaction of BGswith TiO,nanoparticles.

137 The BGs suspension was diluted to a concentratipivalent to ~2 x 1Dcfu/mL in all the
138 experiments unless otherwise stated. A series ofs BSaspensions containing different
139 concentrations of Ti® nanoparticles ranging from 0 - 200 mg/L were pregaand the final
140 solution pH was adjusted to circumneutral condijer6.8) using 0.01 M HCI and 0.01 M NaOH,
141 which is close to the isoelectric point (IEP) oé thiO, nanoparticlefHuanget al., 2015). This pH
142 condition can minimize the long-range electrostatieraction (non-molecular interaction) and was
143 environmental relevant (Parikh and Chorover, 200®8)en the suspensions were under vigorous
144  agitation of 200 rpm for 8 h at 2& under dark in an incubator. Finally, 20 mL of eaaspensions
145 was sampled and freeze-dried for the FTIR measureme

146

147 2.4 Spectroscopic parameters.

148 An FTS-4000 Varian Excalibur series FT-IR spectrtanwith attenuated total reflection (ATR)
149 (Varian, Palo Alto, CA) was used to collect theraméd spectra. A mixture of the freeze-dried

150 samples and 100 mg of potassium bromide (KBr, BIgy were ground, homogenized and pressed.
8
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The band from 4000 to 400 ¢hwere collected with an interval of 2 €mand the ordinate was
express as absorbance. Each spectrum was an avefréf#6 scans with automatic baseline
correction. The obtained spectra were then smoatked) OMNIC 8.0 software for the subsequent
analysis. The spectra of amide | region (1700-1660") were further analyzed to extract
information regarding changes of the protein seaondtructures by deconvolved spectra. A
detailed description of the procedure can be faartde supporting information.

To assess the secretion of soluble microbial pro¢giP) from normal cells dE. coli K-12,
which may influence the interaction profile betwe@&i®©, nanoparticles and cell membranes,
suspensions with 50 mL 2 x &6fu/mL normalE. coli K-12 cells were prepared under dark in the
absence and presence of 100 mg/L ,TR25 and shaken at 2&. Three mL suspension was
sampled and filtered through a 0.22 nylon membrane to remove cells or/and Jlif@noparticles
at different time intervals. Then the filtrate wasalyzed with a fluorescence spectrophotometer
(F-7000, Hitachi, Japan) in excitation-emission#ima{EEM) mode. Fluorescence EEM is a
powerful tool to characterize SMP based on welilgigthed principles (Hudsaet al., 2007). For
comparison, the fluorescence EEM of the bulk sotutf BGs in the absence and presence of TiO

nanoparticles were also monitored.

2.5 2D-FTIR-COS analysis.

In this study, the Ti@nanoparticles concentration was applied as anredtperturbation, and
a set of concentration-dependent FT-IR spectra otdigined. Before conducting 2D-FTIR-COS,
each FTIR spectrum was baseline-corrected and $medatsing Savitzky-Golay method (Waetg

al., 2012; Cheret al., 2014). The practical computation of 2D-FTIR-CO&swperformed using
9
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Matlab R2010a (Mathworks Inc., USA) (Noda, 1993;e€@let al., 2015). The synchronous

correlation intensity can be constructed usingdflewing equation:
1 m
@u,, v,) = ﬁZ[J.(ul)]j(uz) (1)
J=1

Asynchronous correlation can be calculated by:

1 mn

o, v,) = ﬁ S W) N1, w,) @)

=1 J=1

Wherem is the total number of the collected spectfg(v) represents the intensity of thjid
spectrum collected at a specific band or wavenurmbey (denoting with a subscript of “1” or
“2"). The term V, corresponds to th@h column and thekth row element of the discrete

Hilbert-Noda transform matrix, which is defined as:

0 if j =k

N, = 1 ) (3)
- otherwise
mk - j)

The sign of the synchronous peal&y,, u,) reflects simultaneous changes in intensities
measured aty, and v, in response to perturbation (Dluhgt al., 2006). A positive sign,
@u,, u,) > 0, indicates the intensities change in the sdirection (either increase or decrease

simultaneously), while the trend is reversed fgu,, v,) < 0. The sign of the asynchronous peak
10
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¢(u,, u,) reflects the sequential order of the intensityncfeameasured at, and v, in response
to perturbation. If gu,, v,) and ¢(u,, v,) have the same sign, the intensity change,atoccurs
predominantly beforeu, while the rule is reversed if{v,, v,) and ¢(u,, u,) have the opposite

sign.

2.6 TiO; precipitation with standard protein, polysaccharide and phospholipid.

To further verify the role of the key biomoleculeonstituents in cell membrane in the
interaction with TiQ nanoparticles, a series of settling experimentsewmsrformed according to
previous studies (Liet al., 2012; Maet al., 2015). Bovine serum albumin (BSA), sodium algenat
and phosphatidylethanolamine (PE) were used aslatérbiomolecular constituents to represent
protein, polysaccharide and phospholipid, respebtivihe mixed suspensions of 100 mg/L 7iO
nanoparticles and biomolecular constituents withceatrations ranging from 0 to 200 mg/L were
prepared (pH=6.8) and subjected to settling expantsfor 11 h, and their individual suspensions
were also conducted as control. At different sejtlime, 1 mL aliquot of the mixed and individual
suspensions were taken from the top of the suspemsid immediately transferred into cuvettes to
measure absorbance at 660 nrgs(A The settling curves were plotted using the rafiabsorbance

at a given time point (Ato the initial absorbance (pas coordinate and time as abscissa.

3. Results
3.1 BGsas modd cell envelope.
To examine whether normal cells will secrete anyPSktto the bulk solution, fluorescence

EEM was applied to show the spectra of SMP secieyegormal cells oE. coli K-12 cells in the
11
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absence and presence of Ji@noparticles (Fig. 1). The peaks at EX/Em of 280/nm (peak T1)
and 280/340 nm (peak T2) are reported to be asedcigth the tryptophan-like protein, (Hudson
et al., 2007) which is a common fluorescent SMP secrbtedacterial cells. FdE. coli cells under
dark (Fig. 1a), the peak intensities increasedaloith time (Fig. S3a), suggesting that SMP was
secreted into the bulk solution. With the additminTiO, nanoparticles, the peak intensities still
exhibited an increasing trend (Fig. 1b) along viathe, while lower than those of sdte coli cells

at each time point (Fig. S3a). This difference wase to the released SMP adsorbing on the, TiO
and thus led to a decrease of SMP concentratitimeibulk solution. Therefore, the investigation of
interaction between Ti£nanoparticles and cell membrane will certainlyalfected by the presence
of these release metabolic products. For examphasi been well-recognized that protein absorbed
on nanoparticles surface to form nanoparticle-pnotmrona’ (Mahonet al., 2012; Lesnialet al.,
2013; Saptarshiet al., 2013), which would ultimately determine the iaieion profile of
nanoparticles with the biological membrane systermasher than the pristine surface of the
unmodified nanoparticles. For example, a previotiglys found that protein adsorption onto
nanoparticles reduced their ability to adhere tb serface (Lesniaket al., 2013). Therefore,
employing model cell envelopes such as BGs, whadk Imetabolic activities, are of important
merit to reveal an unbiased nanoparticle-membrnateeaction mechanism.

To avoid the interference of SMP, BGs as model esllelope was applied as model cell
membrane in this study. Fig. 2 compares the SEMAI images of normal bacterial cell and
BGs. The SEM and AFM images proved that the BGeweigood conditions and still maintained
the 3D structure with micropores on the surfacectwhiere consistent with previous studies on the

morphology of BGs (Amarat al., 2013b). Besides, the crystal violet stained B®sld be
12
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observed by light microscopy (Fig. S4), which wadic¢ative of stable cell envelopes structure.
Furthermore, the agarose gel electrophoresis seshtiwn that no observable band on the lane of
the BGs compared with the normal bacterial cells Eofcoli K-12 (Fig. S5). The DNA
concentrations for the BGs and normal bacterialscelere 1.7 + 1.5 and 78.5 = 1.3 pb/
respectively (Table S2). These results indicatedggnomic DNA in the as-prepared BGs had been
substantially degraded.

Additionally, the fluorescence EEM analysis of thak solution of BGs in the absence and
presence of Ti@nanoparticles shown that fluorescence intensi338¢340 and 280/340 nm were
insignificant and remained constant along with tifRey. S3b). This implied that the as-prepared
BGs had lost metabolic activity and no SMP was poed due to the evacuation of the cytoplasmic
constituents, which would allow us to avoid theerfgrences induced by the presence of SMP in the

nanoparticles-membrane interaction studies.

3.2 2D-FTIR-COS analysison the interaction between TiO, nanoparticles and BGs.

The FTIR spectra of the BGs as a function of ;Ti@noparticle concentrations are shown in
Fig. S6. The spectral variations mainly occurredtlie 1700 — 1000 crregion, where the
absorption changed significantly. An increase i®;Thanoparticles concentrations caused the
characteristic bands changing to various degrewhcdting changes of vibrational structures in
BGs by interacting with the TiOnanoparticles. However, some of the bands stroogéylapped,
and enhancement of the spectral resolution is mesnlainderstand how individual IR band is
subjected to the perturbation.

2D-FTIR-COS analysis can allow enhancing the speatsolution by spreading overlap
13
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peaks in a second dimension, and as a result $ynpglithe interpretation of one dimension
spectrum. Fig. 3llustrates the synchronous and asynchronous FTHpsnof BGs with TiQ
nanoparticles as the perturbation. The FTIR regminbacteria, corresponding to the wavelength
ranges of 1000-1200, 1200-1400, and 1500-1708, could be roughly assigned to polysaccharide,
phospholipid, and protein, respectively (Schmittd aklemming, 1998). Detailed spectral
assignments are presented in Table 1. In syncheomayps (Fig. 3b) most autopeaks, which locate
on the diagonal, appear in the protein region, estjgg that protein mainly responses to
concentration perturbation. A prominent peak at0l@®ri' was due to the increased TFiO
concentration (Fig. S7) (Kiwi and Nadtochenko, 2005herefore, the cross peaks located at 1000
cm® in the synchronous and asynchronous map will rettdken into consideration. Closer
observation of the protein region (Fig. 3a) shohat tall the cross peaks, which locate off the
diagonal, exhibit positive signs, indicating thagits intensity change in the same direction.

The asynchronous map can provide information onswiential order of specific structural
response to perturbation based on the signs ofrthes peaks. In this study, red color indicates a
positive sign, while blue color indicates a negatsgn in the asynchronous map (Figs. 3c and 3d).
Likewise, most of the cross peaks of the asynchusnoap located in protein region (Fig. 3d).
Specifically, four characteristic cross peaks waserved at the bands of 1612-1674, 1565-1612,
1550-1565 and 1400-1500 &én{Fig. 3c), and the four bands were assigned to Gtr€ching,
COO symmetric stretching, N-H (amide II) and aromaeC stretching, respectively.(Kiwi and
Nadtochenko, 2005) The signs of the cross peakisl€Th indicate that sequential order of the
bonding affinities of these bands with Ti@anoparticles follow the order: CO©»> aromatic C=C

stretching— N-H, amide Il - C=0O, ketone. It must be noted that the phospladipand
14
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polysaccharides might also contain functional geogpch as COQ C=0 and aromatic C=C.
However, in terms of their abundance in bacteha,gdrotein are rich in these functionalities, while
the characteristic functional moieties for polydeade and phospholipid are C-O and P=0, which
did not response to the perturbation. Results hereuld roughly imply that the protein play a

major role in the binding process of cell membramthe TiQ nanoparticles.

3.3 Settling experiments.

To further confirm the interpretation of the 2D-RFCOS results, a series of settling
experiments were conducted using the selected ipropmlysaccharide and lipid with TyO
nanoparticles. The settling curves of the test tamogs at concentrations ranging from 0 to 200
mg/L with TiO, were shown in Figs. 4a, b and c. Significant bitaoole-type-dependent settlings
were observed. Only protein mixed with Bi€hows precipitation behavior at concentrations érigh
than 10 mg/L, suggesting that protein interact Wit®, much stronger than polysaccharide and
phospholipid. The photos of settling experimentthefthree test substances at concentration of 100
mg/L are provided in Fig. 5. Additionally, compansof the Ago (absorbance at 660 nm) value of
the test substances before and after mixed with Wée also calculated by the following equation:

A4 =4

o (Atest substance + ATiOZ) (4)

mixture

where 4

mixture

IS the Asgo Of the mixture, and4, Amz represent the individual gy

est substance ?

of the test substances and Ti@n principle, a positive4 4 indicates interaction between HO

nanoparticles and test substances as a resultrafnip test substances-TiMDetero-agglomeration
15
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(Riegeret al., 2004; Linet al., 2012). Conversely, zero or negatived indicates no or very weak
interaction between Tiand the test substances. As shown in Fig. 4d,4le had positive value

at concentrations higher than 5 mg/L and exhibited increasing trend with increasing
concentrations, whereas no significant variatioesewobserved with increasing polysaccharide and
phospholipid concentrations mixed with Lianoparticles. This suggests that J1@noparticles
preferentially interacted with protein and consetlyeformed larger hetero-agglomeration; while
the interaction between Tianoparticles and polysaccharide and phospholipdewveak or

negligible.

4. Discussion
4.1 Increasing under standing of nanoparticle-cell membraneinteraction.

Understanding the interaction between nanoparéictecell membrane is a crucial step toward
predicting subsequent biological effects (Haal., 2012). As aforementioned, this interaction has
been explored using various techniques and bickbgigstems (e.g. cells and lipid bilayer) (Chen
and Bothun, 2014). However, it is less clear whelt surface molecules are involved in the
interaction (Chen and Bothun, 2014; Maal., 2015). This work for the first time specifically
investigated the nanoparticle-cell membrane intemacusing BGs as a model cell membranes at
molecular level with 2D-FTIR-COS technique. The utes of this study, revealed by the
2D-FTIR-COS, demonstrated that cell membrane fonelities of protein preferentially interacted
with TiO, nanopatrticle; whereas the interaction of Zi@anoparticle with C—OH (polysaccharide)
and P=0 (phospholipid) were very weak or insemsitiv IR. Although this adds to the limited

literature regarding the roles of bacterial ceNednpe biomolecules in the nanoparticle-membrane
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interaction, this finding is contradictory to preus reports. Jiang al. (2010) previously reported
that, in addition to protein, the lipopolysaccharifLPS) also shown adhesive ability to metal
oxides nanopatrticles via hydrogen bonding with@antigen part (polysaccharide) using pure LPS
extracted fromE. coli. This discrepancy may have three possible exptamat First, the FTIR
technique is insensitive to detect hydrogen bon@ayikh and Chorover, 2006). Second, the level
for LPS inE. coli K-12 bacterial cell envelope is much less thars¢hfor the phospholipid and
protein, which are 4.73 and 4.83 times, respegtiviegher than LPS level in terms molar ratio
(Gmeiner and Schlecht, 1980). Third, the BGs mainttae phospholipid backbone structure with
embedded protein, which may possibly compete wite LSP for absorption sites on the
nanoparticles surfaces and thus leading to insa@mft changes in the 2D-COS-FTIR response in
the polysaccharide region. Whereas the study wesitrgcted pure LPS only qualitatively represent
the tendency of LPS to interact with nanopartickggardless the three-dimensional structure of cell
envelope. The current study cannot exclude the ilpbss of the interaction between LPS
(polysaccharide) and TiOnanoparticles when nanoparticles approach the tactsurface.
Nevertheless, our major findings herein indicat tirotein plays dominant role in the interaction
between TiQ nanoparticles and bacterial cell membrane. This e@roborated with the results
from the settling experiments using standard pnoteiolysaccharide and phospholipid, which
indicated the protein shown remarkable ability eonf hetero-agglomeration with nanoparticles.
Additionally, the asynchronous map of 2D-FTIR-COfdicates the propensities of functionalities
bonded to TiQ nanoparticle followed as: COG aromatic C=C stretching > N-H, amide Il > C=0,
ketone.

Knowledge on the interaction capacity and sequeatdsgferent biomolecules and functional
17
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groups of cell membrane to nanoparticles is suppos® bring new insight into the
nanoparticle-membrane interactions and help toa@xhe toxicity of nanoparticles. For example,
the nano-toxicity may possibly depend on the adimesif nanoparticles on the cell membrane
protein. Indeed, the cell membrane protein are estgg to be protected by the cell surface
polysaccharide polymers and thus unlikely to interaith large particles. The interaction between
the polysaccharide and large particle surface ligelg to induce toxicity because this is similar t
the manner in which bacteria adhere to large sesfabrough the surface polymers in natural
environment (Neu and Marshall, 1990). In contrasthieir bulk counterparts, nanoparticles have
extremely small sizes and therefore very likelyb® able to travel across the gap between the
surface polysaccharide polymers and reach the msethbrane surfaces. However, there exists
consensus that nanoparticles with high surface ggnéypically tend to aggregate to form
micro-scale agglomerates due to the unspecificgantmn, thereby lowering their surface energy.
Thus the interaction behavior between nanopartieled cell membrane has been frequently
elucidated as nanoparticles agglomerates with ¢éileneembrane under static water condition and
underlying mechanism could be interpreted by the/OLtheory which considers the sum of
electrostatic and van der Waals interaction. Thiglys conduct experiment under circumneutral
condition which is close to the IEP of Ti@anoparticles and thus tend to aggregate accotding
DLVO theory. In this case, there arises a condeahthe results obtained from the micro-scale,TiO
agglomerates did not realize the understandingamosscale. Nevertheless, it is important to note
that the DLVO theory were based on the assumptisteady-state behavior of agglomerates and
under static water conditions. We must recogninsydver, that possible disruptions of aggregates

due to the force induced by water flows (i.e. faotand lubrication or shear force) should be
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considered (Miret al., 2008; Nelet al., 2009). More importantly, natural and engineerqdatic
systems typically under flowing condition. Therefpthe influence was environmental relevant and
expected because of relative high agitation sp2ed (pm) were applied in this study. As a result,
there should be likelihood of single nanopartialeadts from multiple particles directly bonding to
the cell membrane surface protein due to their pgbpensity to interact with protein in the
TiO,-water-BGs system. This may lead to conformatiartelnges of the protein and could be a
possible reason for nanoparticle cytotoxicity. histstudy, the changes in secondary structures of
the protein in the BGs were characterized by tifraiad self-deconvolution with second derivative
resolution enhancement and with curve-fitting (F88). Results showed a decreasexdihelix
contents and increase in the unordered and aggretgahds contents after exposed to nanoparticles
(Table 2), indicating that the protein secondaruatires were significantly changed and partial
protein unfolding occurred after interacting withO% nanoparticles (Wwand Narsimhan, 2008).
This is in accordance with the results of a presistudy (Jiangt al., 2010), which also suggested
that the protein damaged when exposed te Ti@hoparticles and as a consequence leading to loss
physiological activities.

4.2 Significance for understanding the transport and fate of TiO, nanoparticles in natural
system.

In fact, apart from NOM and bacteria, protein dogjuitously present in aquatic environments,
particularly in wastewater-impacted water, as altdsom microbial metabolism or anthropogenic
input (Hudsonet al., 2007; Menget al., 2013). TiQ nanopatrticles is increasingly being used in
commercial products and it will be inevitably reded into aquatic environments. Therefore, ;TiIO

will finally meet NOM, bacteria and protein, whidre likely to influence their transport. A
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previous study observed significant change in thggregation state and deposition of TiO
nanoparticles in the presence of bacterial celBnor NOM due to the changes of surface properties
(Chowdhuryet al., 2012). Nevertheless, how the protein affect ttamdport and fate of TiO
nanoparticles has seldom been considered. Ourtsdseriein suggested that the protein of the cell
envelope or in the bulk solution play a criticaleran the interaction with Ti@nanoparticles. Thus,
the actual transport and fate of Fi@anoparticles could be altered because the stvmting role

of protein, considering the ubiquitousness of sielylrotein in aquatic systems, especially in the
anthropogenic-impact urban river with high SMP infwom the waste water treatment plants
(WWTPSs) effluent.

4.3 Implicationsfor the transport and fate of TiO, nanoparticlesin engineered system.

As the products of human activity, commercial Fi@noparticles have a high likelihood of
entering municipal sewage that flows to centraligéd@/TPs, in which biological treatments were
typically applied. It is very plausible that the jority of TiO,nanoparticles will be attached to the
cell surface proteins of the activated sludge (ihgammcroorganisms) therein and their fate will be
accompanied with the activated sludge. Given that dctivated sludge could end up being as
agricultural land amendments (fertilizers), placedandfills, incinerated, or dumped into oceans
(Kiser et al., 2009), the subsequent ecological impact and ivelatisk assessment remain
unexplored and should be taken into consideratmhexamined in the future. In addition, the high
propensity of proteins or CO@ich substances to interact with Ti@anoparticles provides a
plausible clue for their removal in industrial wastater where tremendous amount of JiO
nanoparticles waste are produced. Microorganismo&pr or COO-rich substances could act as

coagulant to remove Tihanoparticles wastes by sequential treatmentsaxjudation, flocculation
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and sedimentation (Serrao Soesal., 2017).

4.4 Technological aspects

The elucidation of nanoparticle-membrane interaci® beneficial for the design of novel
nanoparticles which can work effectively in the gaece of bacteria in water and wastewater
treatment. Furthermore, the nanoparticle propefiies sizes and shapes) will also influence the
nanoparticle-cell membrane interaction (Taatcal., 2013b; Linet al., 2014); thus more types of
TiO, nanoparticles with different sizes and morpholsdies. nanotubes, nanorods and nanosheet,
etc.) should be examined in the future. On the rottend, variation in bacterial cell envelope
structure profiles (i.e. lipids with different tdgngth or degree of saturation, the levels of oute
membrane protein, and lipopolysaccharide, etc.)Jdcbe manipulated via genetic approaches using
relative mutants (Gaet al., 2012; Huangt al., 2015). BGs derived from the cell envelope-related
mutants will enable one to determine the role @& ithterested gene products in the interaction
between cell membrane and nanoparticles. Additipnahs membrane construction of
Gram-positive and the Gram-negative bacteria dferdnt, further studies using the BGs derived
from Gram-positive bacteria (Abrams and Mcnama@62) are therefore warranted. In general, the
approach using BGs as model cell membrane combinidthe 2D-FTIR-COS technique would

provide an ideal platform to reveal the bionandae interaction mechanism at molecular level.

5. Conclusions
The interaction between Tidanoparticles and bacterial cell membrane was imaged at

molecular level using 2D-FTIR-COS analysis and B&s model cell envelope. The main
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conclusions are:

The synchronous map of 2D-FTIR-COS results shovat the functionalities in proteins of
BGs have high propensity to interacted with Fikanoparticles, whereas the interaction of
TiO2 nanopatrticles with polysaccharides (C—OH) phdspholipids (P=0) were not detected
under the test condition.

The asynchronous map of 2D-FTIR-COS suggestedweségl order of functionalities bonded
to TiO; nanoparticles with the order from high to low: CO©aromatic C=C stretching > N-H,
amide Il > C=0, ketone. These findings highlightdx& role of protein in the interaction
mechanisms between nanoparticles and bacteriaheslibrane.

Co-settling of TiQ nanoparticles with pure biomolecules (i.e., pmtgolysaccharide and
phospholipid) also highlighted the high propengifyprotein molecules to interact with TiO
nanoparticles.

2D-FTIR-COS analysis using BGs as model cell membnraere shown to be a promising
approach to investigating the molecular mechanibgnsvhich nanoparticles interacting with
bacterial cell membrane.

This study could enhance our current knowledge bteraction mechanism of TiO
nanoparticles with bacterial cell membrane in wated has important implication for the
nanotoxicity as well as the transport and fate dd,Tnanoparticles in the natural and

engineered systems.
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Additional detail information including protocolsorf light microscopy observation, scanning
electronic microscopy (SEM), transmission electnoigsroscopy (TEM), atomic force microscopy
(AFM), X-ray diffraction patterns (XRD) and curvetéd FTIR spectra; and Tables showing the
minimum inhibition concentration and maximum growtincentration foE. coli K-12 (Table S1),
and DNA contents of BGs and normal bacterial c@llsble S2); and Figures showing the XRD
pattern (Fig. S1) and TEM image (Fig. S2) of Degu&25TiQ nanoparticles, fluorescence
intensity evolution (Fig. S3), light microscopy iges (Fig. S4), Agarose gel electrophoresis results
(Fig. S5), FTIR spectra of BGs with Ti@anoparticles (Fig. S6) and Ti@anoparticles alone (Fig.
S7), second derivative resolution enhanced andeecfited amide | region for protein secondary

structure of BGs (Fig. S8).
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Figure Captions

Fig. 1 Fluorescence contour plots of the SMP secreted)dy. Coli cells under dark; (k. coli
K-12 under dark with the presence of Tikanoparticles (100 mg/L).

Fig. 2 SEM and AFM images of the normgl coli K-12 cell (a, ¢) and bacterial ghost (b, d),
respectively.

Fig. 3 Synchronous (a, b) and asynchronous (c, d) 2D-FJ@& maps generated from the
1700-1300 crif region (a, ¢) and 1700-1000 ¢rregion (b, d) of the FTIR spectra of BGs
with the increasing Ti@nanoparticles concentrations.

Fig. 4 (a) Settling curves of standard protein, (b) patgbaride, (c) phospholipid with 100
mg/TiO, nanopatrticles; and (d) the difference of absorbat&60 nm of the test substances
before and after mixed with Tgdanoparticles.

Fig. 5 Photos of the settling experiments of test substamdth TiO2 nanoparticle.
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Table 1. 2D-FTIR-COS result on the assignment and sign of each cross-peak in synchronous and asynchronous (in the

brackets) map of BGs with increasing TiO, nanoparticle concentrations (Signs were obtained in the upper-left corner of the

maps).
Sign
Redion Position Possible assianment Protein Phosphate Polysaccharide
g (e g 1612- 1565- 1550- 1400- 1200 - 1100 - 1170
1674 1612 1565 1500 1250
102" amide, C=O stretching A0+ O @) +(4)
1565 -  aspartate or glutamate COO
Protein 1612 symmetric stretching * * () * () * () ()
1550 - amide I, N-H, C-N of + () () y
1565 protein
1400 -  aromatic C=C stretching, C-
1500 H bend from CH " * () * ()
Phosphate 11220500' P=0 from phosphate 0 + (0)
: 1100 - C-O stretching of
Polysaccharide 1170 polysaccharide 0




Table 2. Band assignments for protein secondary structfrB$&s and changes of the protein secondary siregtexposed to
increasing Ti@ nanoparticles concentrations estimated by theecfitting of the amide | region (1600 -1700 ¢nirom the FT-IR
spectra.

Secondary structures Wavenumber TiO, concentrations (mg/L)
(cm™) 0 25 50 100 150 200
Aggregated strands 1625-1610 5.25 % 12.48 % 12.36 946.48 % 16.60 % 21.60 %
B-Sheet 1640-1630 28.31 % 24.53 % 25.44 % 30.72 % .302% 19.79 %
Unordered 1645-1640 - 14.99 % 15.11 % 15.34 % 1%86 19.50 %
a-Helix 1657-1648 35.71 % 17.61 % 18.41 % 1565% .5366 18.11 %
3-Turn helix 1666-1659 22.41 % 19.36 % 18.82 % A%  15.96 % 16.56 %

Antiparallel f-sheet/aggregated strands 1695-1680 8.32 % 10.95 99.82 % 6.78 % 6.72 % 4.40 %
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4  (b) E. coli K-12 under dark with TiO, nanoparticles
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Fig. 3
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Highlights
Interaction between bacterial cell membranes and nano-TiO, were studied at molecular level.
Bacteria ghosts devoid of cytoplasm were used as model cell membrane.
2D-COS results suggested a sequential order of functionalities bonded to nano-TiO,.

Protein played the most important role in the interaction mechanism.



