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5 ABSTRACT: This paper presents a comparative study of the
6 toxicity of pristine-ZnO and L-histidine-incorporated ZnO toward
7 Escherichia coli (E. coli) as a Gram-negative model organism.
8 Pristine-ZnO and L-histidine-incorporated ZnO with different L-
9 histidine concentrations were synthesized using an open aqueous

10 solution bath technique. XRD studies revealed the formation of
11 polycrystalline wurtzite ZnO. The average crystallite size of the
12 synthesized L-histidine-incorporated ZnO decreased as the concen-
13 tration of L-histidine increased. The FTIR spectra showed the
14 presence of Zn−O, CO2

−/CO3
−, and C−N (only in L-histidine-

15 incorporated ZnO samples) and −OH bond vibration signals in all
16 samples. The chemical purity of all the samples was ensured using
17 XPS analysis. The microbial activity of these samples was
18 investigated using E. coli. The solution with 100 μg/mL ZnO in sterile distilled water showed up to 94% growth inhibition of E.
19 coli, establishing antibacterial activity. However, L-histidine incorporated in ZnO showed reduced antibacterial activity with the
20 increase of the concentration of L-histidine in ZnO. Furthermore, flow cytometry studies during the interaction of ZnO and E. coli
21 confirmed the generation of reactive oxygen species (ROS), validating its antibacterial activity. The interaction of L-histidine-
22 incorporated ZnO and E. coli showed declining ROS with the increase in the L-histidine concentration, indicating a ZnO toxicity
23 reduction.

1. INTRODUCTION
24 Zinc oxide (ZnO) is a II−VI compound semiconductor with a
25 direct, wide band gap of 3.34 eV at room temperature and an
26 excitation binding energy of 60 meV, which is 2.4 times the
27 thermal energy at room temperature.1 Recently, ZnO and
28 ZnO-based materials have been proven to be promising
29 candidates for several functional applications such as semi-
30 conductor designing,2 UV detectors,3 antibacterial purposes,4

31 biosensors,5 drug delivery,6 light-emitting diodes (LEDs), solar
32 cells,7 and so forth. ZnO has been studied extensively in bulk,
33 thin films, or nanoparticles/nanostructures. It is a well-known
34 fact that ZnO at the nanoscale dimension exhibits exceptional
35 optical, electrical, magnetic, and chemical (viz. catalytic
36 activity, etc.) properties when compared to its bulk counterpart
37 of the same chemical composition.8 Nanoscale ZnO has been
38 realized in various forms/structures, such as nanorods,
39 nanobelts, nanowires, nanocombs, nanoflowers, and so forth.
40 It is mainly achieved by controlling the different physicochem-
41 ical parameters, including the solvent system, precursor
42 moieties, temperature, pH conditions during the synthesis of
43 nanoparticles, and so forth.
44 Several methods like chemical vapor deposition (CVD),9

45 metal−organic CVD (MOCVD),10 pulsed laser deposition

46(PLD),11 sol−gel,12 hydrothermal, solvothermal,13 precipita-
47tion,14 and thermal decomposition methods15 are routinely
48adopted to synthesize ZnO nanoparticles in the desired shape
49and size.16 Based on the application, the appropriate
50methodology is adopted. Recently, the bioinspired synthesis
51of metal-oxide-based bioinorganic nanocomposites, especially
52nanosized ZnO, has drawn significant interest.17,18 Integrating
53various amino acids,19 surfactants,20 or peptides21 during
54nanoparticle synthesis leads to different physiobiological
55properties of the newly synthesized nanocomposites. Gluta-
56mine, histidine, and glycine were employed to study the variation
57in the morphology of ZnO synthesized by the hydrothermal
58method.22 The integration of amino acids (due to their
59zwitterionic nature) leads to a strong surface association with
60the nanoparticles.23 Gerstel et al.24 have systematically studied
61the suitability of amino acids and dipeptides as structure-
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62 directing agents for the deposition of ZnO films. Brif et al.25

63 have successfully demonstrated the incorporation of amino
64 acids into ZnO and, consequentially, the engineering of its
65 band gap due to the induced strain. Umetsu et al.26 used
66 artificial peptides to synthesize flower-like ZnO nanostructures
67 at room temperature. In a review, Limo et al.27 highlighted
68 using biomolecules to control growth, modify the phys-
69 icochemical properties, and their applications as biocompo-
70 sites. ZnO exhibits excellent antibacterial activity against E. coli,
71 Pseudomonas, Staphylococcus aureus, Micrococcus,28 P. mirabilis,
72 and Salmonella typhi.29

73 In the present work, we report the influence of L-histidine-
74 incorporated ZnO on the antibacterial activity of a Gram-
75 negative model organism, E. coli. For this, pristine-ZnO and L-
76 histidine-incorporated ZnO were prepared for different
77 concentrations of L-histidine. Furthermore, the structural and
78 morphological properties of pristine-ZnO and L-histidine-
79 incorporated ZnO were investigated using various techniques.
80 Finally, the antibacterial activity of pristine-ZnO and L-
81 histidine incorporated ZnO was analyzed using E. coli. We
82 found that the antibacterial activity of L-histidine-incorporated
83 ZnO critically depends on the concentration of L-histidine. It
84 decreases with an increase in L-histidine concentration. The
85 validation of antibacterial activity was confirmed by generating
86 reactive oxygen species (ROS) using flow cytometry studies.
87 Furthermore, the interaction of L-histidine-incorporated ZnO
88 and E. coli shows decreasing ROS with increased L-histidine
89 concentration, indicating a reduction in ZnO toxicity.

2. EXPERIMENTAL SECTION
90 2.1. Materials and Synthesis. The protocol used for
91 synthesizing pristine-ZnO and L-histidine-incorporated ZnO
92 powder using an open aqueous solution bath technique is
93 provided in Supporting Information Figure S1. The ZnO
94 sample prepared without L-histidine is labeled as pristine-ZnO.
95 The concentration of L-histidine in ZnO was varied as 0.025,
96 0.05, 0.075, and 1.0 mg/mL, and the corresponding samples
97 were labeled as ZnO-H1, ZnO-H2, ZnO-H3, and ZnO-H4,
98 respectively.
99 2.2. Characterization. X-ray diffraction (XRD) (Bruker

100 D8-ADVANCE) was used to study the structural properties of
101 the synthesized samples. Ni-filtered Cu-Kα radiation at 1.542 Å
102 was used for recording the XRD pattern in the θ−2θ scanning
103 mode. The recorded XRD data was subsequently subjected to
104 Rietveld refinement for further analysis. The morphology of
105 the synthesized particles was studied using field emission
106 scanning electron microscopy (FESEM, Nova NanoSEM-450).
107 The chemical environment of Zn and O in ZnO and Zn, O,
108 and N in all the ZnO-Hi (i = 1, 2, 3, 4) samples was probed by
109 X-ray photoelectron spectroscopy (XPS). The spectra were
110 recorded on beam line-14 installed on Indus-2 (2.5 GeV)
111 synchrotron sources at the RRCAT, Indore, India. The base
112 pressure of the working chamber was 3 × 10−8 mbar. The
113 incident radiation with a photon energy of 4403 eV was used
114 as the X-ray source. The photoelectrons ejected from the
115 samples were analyzed by a concentric hemispherical analyzer
116 (15 keV Phoibos 225) having a net resolution of 1 eV and a
117 constant pass energy of 150 eV. The spectrometer was
118 calibrated using the standard Au 4f7/2 peak at 84.0 eV. Survey
119 scans were recorded with a step size of 0.5 eV, and the pass
120 energy was 150 eV. The C 1s peak position (the standard value
121 is 284.6 eV) was used to correct the shifts, if any, in the
122 spectral positions of Zn, O, and N caused due to charging of

123the samples. Zn, O, and N spectral peaks were deconvoluted
124using the commercial XPSPEAK41 software with a Shirley-
125type background. The FTIR study was performed by a USINF
126JASCO, FT/IR-6100 spectrophotometer.
1272.3. Antibacterial Assay. 2.3.1. Microtiter Plate Assay.
128The characterized pristine-ZnO and ZnO-Hi (i = 1, 2, 3, 4)
129samples were then used to study their biological activity against
130E. coli. The experimental procedures adopted are as follows:
131the microtiter plate assay was performed to evaluate the effect
132of pristine-ZnO and ZnO-Hi (i = 1, 2, 3, 4) on E. coli. Bacterial
133culture was procured from the NCIM, CSIR-NCL, Pune,
134India. The culture was grown in a nutrient broth (HiMedia,
135India) at 37 °C under shaking conditions (150 rpm). E. coli
136culture was further maintained as per the supplier’s
137instructions. Before using the bacterial culture, stock solutions
138of pristine-ZnO and ZnO-Hi (i = 1, 2, 3, 4) with a 200 μg/mL
139concentration were prepared in sterile distilled water. These
140solutions were then ultrasonicated for 1 h for rigorous mixing.
141Round-bottomed 96-well microtiter polystyrene plates (Tar-
142son, India) were used for further experiments. 100 μL of sterile
143Muller−Hinton broth (MHB, HiMedia, India) was added to
144each microtiter plate. 100 μL of L-histidine with a 100 μg/mL
145concentration was added to the first well of the first row. It was
146mixed thoroughly, and 100 μL of the mixture was transferred
147to the second well of the first row to achieve a 50 μg/mL
148concentration. The mixture in the second well of the first row
149was thoroughly mixed, and 100 μL of the solution was
150transferred to the third well of the first row. This process was
151repeated till the sixth well of the first row. The successive
152twofold dilution obtained was 100, 50, 25, 12.5, 6.25, and 3.12
153μg/mL. After the serial dilution, 50 μL of the overnight-grown
154E. coli culture was used as the inoculum from wells no. 1−6 of
155the first row. The seventh well of the first row was left as it was
156with 150 μL of MHB and was considered a negative control. In
157the eighth well of the first row, 50 μL of optical density (OD)
1580.5 McFarland-adjusted E. coli culture was added and treated
159as a positive control. This final volume in each well was
160maintained at 150 μL. The same exercise was repeated from
161the second to the sixth row with ZnO and ZnO-Hi (i = 1, 2, 3,
1624) solutions. The experiment was performed in triplicate.
163These plates were incubated overnight at 37 °C, and an ELISA
164microtiter plate reader (Spectramax M2, USA) was used to
165measure the OD at a wavelength of 540 nm. Growth inhibition
166of E. coli at different concentrations was calculated using30

= ×A A
A A

percentage cell inhibition
( )
( )

100 %t b

c b 167(1)

168where At is the OD of the test compound, Ab is the blank (−ve
169control), and Ac is the OD of control (+ve control).
1702.3.2. Morphological Study of E. coli. Scanning electron
171microscopy (SEM) was used to study the morphological
172changes in E. coli cells due to their interactions with pristine-
173ZnO and ZnO-Hi (i = 1, 2, 3, 4). The protocol used is
174described in brief as follows: the cells of E. coli were grown
175overnight in MHB, and the OD of 0.5 was adjusted (as per the
176McFarland standard) and used for the study. From this, 100
177μL of the culture was inoculated into five separate tubes having
178sterile MHB (10 mL) with pristine-ZnO and ZnO-Hi (i = 1, 2,
1793, 4) at a concentration of 100 μg/mL. All these five tubes
180were considered test samples. The sixth tube containing only
181fresh sterile MHB (10 mL) inoculated with 100 μL of E. coli
182culture was also considered a control tube. All six tubes were
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183 incubated at 37 °C for 3 h at 150 rpm. After incubation, all six
184 tubes were removed, and the culture broth was centrifuged at
185 10,000 rpm for 15 min at 4 °C to collect the cell pellets. The
186 pellets were then washed three times with 0.1 M phosphate
187 buffer saline (PBS) (pH 7.4) to remove the traces of MHB.
188 Then, it was fixed in 2.5% (v/v) glutaraldehyde at 4 °C for 4 h
189 and then washed thrice with PBS buffer. Furthermore,
190 dehydration procedures were carried out gradually by treating
191 the cells with ethanol ranging from 10 to 100% (v/v) at 15 min
192 intervals. Samples treated with 100% ethanol were placed on a
193 clean glass slide to examine the morphology of E. coli cells (of
194 test and control) under SEM.
195 2.3.3. ROS Assay. ROS are chemically reactive chemical
196 species having oxygen. ROS are generated as a natural
197 byproduct from the normal metabolism of oxygen. Bacteria
198 are bathed in toxic surroundings having lethal stressors like
199 ROS, H2O2, O2, and OH radicals. Accumulation of ROS leads
200 to lethal activity for many antimicrobial agents. We estimated
201 ROS generated in E. coli with the help of previously established
202 protocols described by Ramani et al.23 In brief, E. coli culture
203 was grown in MHB at 37 °C with shaking at 150 rpm, and an
204 OD of 0.5 was adjusted (as per the McFarland standard) and
205 used for the experiment. E. coli cells were treated with ZnO
206 and ZnO-Hi (i = 1, 2, 3, 4) with a 100 μg/mL concentration.
207 Then, aliquots of this treated sample were taken out after 90
208 min of incubation and centrifuged at 6000g for 10 min. The
209 cells were washed twice with PBS and kept in PBS with
210 dichloro-dihydro-fluorescein diacetate�a membrane soluble
211 dye (DCFH-DA)�at 37 °C in the dark condition for 45 min.
212 The specimens were centrifuged at 3000g for 5 min and stored
213 in PBS. Intracellular ROS activity was measured for all samples
214 using a flow cytometer (Life Technologies, USA). Intracellular-
215 generated ROS was detected by spotting a change in the
216 fluorescence of DCFH-DA. However, the nonfluorescent
217 material 2′,7′-dichlorofluorescein (H2DCF) is produced by
218 the reaction of intracellular esterase and DCFH-DA. Intra-
219 cellular H2DCF and its oxidation by ROS contribute to
220 fluorescent DCF. It is supervised by a change in fluorescence at
221 530 nm if the sample is excited by a 488 nm radiation. The
222 observed fluorescence represents a count of ROS in the cell.

3. RESULTS AND DISCUSSION
223 3.1. XRD Analysis. The XRD pattern of pristine-ZnO and

f1 224 L-histidine-incorporated ZnO samples is shown in Figure 1.
225 Observation of different Bragg reflections indicates that
226 pristine-ZnO and L-histidine incorporated ZnO are polycrystal-
227 line. All the diffraction peaks can be indexed to the wurtzite
228 structure of ZnO (JCPDS data card # 36-1451) with the space
229 group P63mc. No other Bragg diffraction peaks corresponding
230 to either Zn, Zn−OH, Zn(OH)2, or any different phases or
231 complexes were detected, confirming the formation of single-
232 phase pristine-ZnO and L-histidine-incorporated ZnO.
233 Using the fwhm corresponding to the Bragg reflections of
234 the planes (101̅0), (0002), and (101̅1) in pristine-ZnO and L-
235 histidine-modified ZnO, the average particle size (t) is
236 estimated from the modified Scherrer formula

= +
i

k

jjjjjjjj
y

{

zzzzzzzzt K

Coc
tan

M
2

S
2

237 (2)

238 where K is the shape factor (0.9), βM is the measured width of
239 the diffraction line, βS is the measured width of the diffraction

240line from the standard sample, and η is the strain in the
241specimen. The estimated values of average particle size using
242 t1the modified Scherrer formula are shown in Table 1.
243The XRD patterns of all samples were then subjected to
244 f2Rietveld analysis. Figure 2 shows the Rietveld fittings to the
245XRD patterns. A black line with filled dots indicates the
246recorded data points, while the solid red line indicates the
247Rietveld fits. The blue line below each XRD pattern suggests
248the difference in the observed and the Rietveld fitted curves,
249which means good Rietveld fitting. Above the blue line are
250green markers, which show the expected Bragg diffracted peak
251positions corresponding to different crystallographic orienta-
252tions of wurtzite ZnO.
253Table 1 shows the lattice parameters a and c and the volume
254of a unit cell of pristine-ZnO and ZnO-Hi (i = 1, 2, 3, 4)
255samples estimated from the Rietveld analysis. It is observed that
256the lattice parameters of L-histidine-incorporated ZnO samples
257increase compared to the pristine-ZnO. The volume of the unit
258cell also increases substantially. It is an indication of the
259successful incorporation of L-histidine into ZnO. It is
260interesting to note that the c/a ratio in all the cases is nearly
261equal to 1.60, which matches the wurtzite ZnO structure. Due
262to increased lattice parameters, the unit cell and ZnO lattice
263volume are expected to be strained, as observed by Brif et al.31

264For further microstructural analysis, the average crystallite
265size and strain developed in the samples were calculated using
266the Williamson−Hall (W−H) method.32 The observed fwhm
267broadening of the peaks is the influence of the instrument and
268sample-dependent factors. To disintegrate the effect of
269instrumental broadening, the observed fwhm is corrected using

Figure 1. XRD of pristine-ZnO and L-histidine-incorporated ZnO
samples.
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= [ ]( ) ( )2
Measured

2
Instrumental

1/2
270 (3)

271 where βInstrumental is the broadening contribution due to the
272 instrument. The strain induced in the host has been analyzed
273 by the uniform deformation model of the Williamson−Hall

f3 274 method, wherein β cos θ is plotted versus 4 sin θ (Figure 3).

275The crystalline size and strain are extracted from the
276intercept and slope of the linear fit, respectively, according to
277the equation

= +k
D

cos 4 sin
278(4)

Table 1. Lattice Parameters (a and c) and Their Ratio (c/a) and Volume of the Unit Cell (V) of Pristine-ZnO and L-Histidine-
Incorporated ZnO Samples

sample a (Å) c (Å) (c/a) ratio V (Å3) t (nm) strain

Scherrer formula W−H plot

ZnO-pristine 3.26 5.25 1.610 48.39 84 89 1.0 × 10−3

ZnO-H1 3.30 5.31 1.609 50.07 80 80 1.3 × 10−3

ZnO-H2 3.35 5.34 1.594 51.90 53 51 1.5 × 10−3

ZnO-H3 3.35 5.36 1.600 52.10 45 48 1.9 × 10−3

ZnO-H4 3.36 5.38 1.601 52.60 39 43 2.3 × 10−3

Figure 2. Rietveld-fitted X-ray pattern of pristine-ZnO and L-histidine-incorporated ZnO samples.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01183
ACS Omega XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01183?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


279 It is noted that the microstrain increases with an increase in
280 L-histidine concentration, whereas the average crystallite size
281 decreases. To release the excess strain, the crystallites break
282 into smaller fragments, thus reducing the average crystallite
283 size. Table 1 shows the decrease in the average crystallite size
284 of ZnO with an increase in the concentration of L-histidine in
285 ZnO. The strain generated in ZnO due to the presence of
286 intracrystalline molecules originated from amino acids. The L-
287 histidine around the crystallites prevents the host’s tendency to
288 form larger crystals or prevents the agglomeration among the
289 particles.30

290 3.2. Fourier Transform Infrared (FTIR) Spectroscopy.
291 FTIR spectra of L-histidine, pristine-ZnO, and ZnO-Hi (i = 1,
292 2, 3, 4) samples were recorded in the 400−4000 cm−1 range

f4 293 and are shown in Figure 4.
294 The FTIR spectra show that the band observed from 430 to
295 560 cm−1 is assigned to the O−Zn−O stretching mode in
296 ZnO.33 The out-of-plane bending of the −CH bond and
297 antisymmetric stretching of CO2

2− are observed at ∼875 and
298 ∼1572 cm−1, respectively. The vibration of the Zn−O bond is
299 indicated by peaks that appeared at ∼1388 and 1514 cm−1.34 It
300 confirms the integration of L-histidine with ZnO. The CH3
301 rocking mode is observed at ∼1014 cm−1.33 At ∼1760 cm−1,
302 the C�O vibrational mode is observed.35 Finally, the C�
303 O�C vibrational mode is observed at ∼2384 cm−1.36 The
304 absorption band at ∼3300−3500 cm−1 is assigned to the −OH
305 group and water on the surface of ZnO nanoparticles.33 The
306 prominent peaks in FTIR spectra are numbered, and their

t2 307 spectral assignment is listed in Table 2.

3083.3. FESEM Analysis. The surface morphologies of
309pristine-ZnO and L-histidine-incorporated ZnO samples were
310investigated using FESEM. Before imaging, films were coated
311 f5with Pt by the sputtering method. Figure 5 shows FESEM
312images of pristine-ZnO and L-histidine-incorporated ZnO
313samples. The FESEM images for all samples are homogeneous,
314dense, and free from flaws, cracks, and protrusions. However,
315the surface morphology changes significantly with an increase
316in the concentration of L-histidine. The following observations
317are made from the FESEM analysis; (i) for the pristine-ZnO
318sample (Figure 5a), a well-defined hexagonal morphology of
319the crystallites in the form of disks or solid rods is observed. In
320addition, these crystallites are interlinked, forming more
321oversized agglomerates. (ii) For L-histidine-incorporated ZnO
322samples (Figure 5b−e), the typical hexagonal features of the
323crystallites are no longer visible. The size of the layered
324structures was found to reduce with the increase in histidine
325concentration during synthesis. In addition, these crystallites
326are interlinked, forming more oversized agglomerates.
3273.4. XPS Analysis. The electronic structure and chemical
328properties of pristine-ZnO and L-Histidine-incorporated ZnO
329samples have been analyzed using high-resolution XPS. XPS
330spectra were calibrated with the C 1s peak (284.6 eV) as a
331reference. The typical XPS spectrum of ZnO-H4 is shown in
332 f6Figure 6.
333XPS survey scan of ZnO-H4 recorded in the range of 0−
3341250 eV is shown in Figure 6a. As seen, the peaks
335corresponding to Zn (2s, 2p, 3s, 3p, and 3d), C 1s, N 1s,
336and O 1s orbitals appear in the XPS spectra.37 No other peaks

Figure 3. Variation of β cos θ as a function of 4 sin θ of pristine-ZnO
and L-histidine-incorporated ZnO samples.

Figure 4. FTIR spectra of (a) L-histidine, (b) pristine-ZnO, (c) ZnO-
H1, (d) ZnO-H2, (e) ZnO-H3, and (f) ZnO-H4.

Table 2. FTIR Transmission Peak Identification

peak wavenumber (cm−1) assignment

1 430−560 O−Zn−O
2 875 out-of-plane bending of −CH
3 1014 CH3 rocking
4 1388 Zn−N vibration bond
5 1514
6 1572 antisymmetric stretching of CO2

2−

7 1760 C�O group
8 2384 C�O�C
9 3300−3500 −OH group or water molecule
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337 were observed, signifying the chemical purity of ZnO-H4.
338 Moreover, the spin−orbit-coupled energy states, which
339 correspond to Zn 2p3/2 and Zn 2p1/2, were observed at
340 ∼1020.98 and ∼1044.31 eV, respectively, with a characteristic
341 difference of 23.33 eV.37 It reveals that Zn is present in the
342 Zn2+ state in ZnO.37 Figure 6b shows the deconvoluted Zn 2p
343 spectra. The Zn 2p3/2 spectra could be deconvoluted into
344 three Gaussian−Lorentzian curves depicted as Zn(I), Zn(II),

345and Zn(III), positioned at ∼1019.5, ∼1022.5, and ∼1025.0 eV,
346respectively. These peaks can be attributed to Zn in layered
347basic Zn nitrate, Zn2+ in ZnO, and Zn bonded as Zn−O−C�
348O.27,37−40 Figure 6c shows the deconvoluted O 1s spectra of
349the ZnO-H4 sample. The spectra can be deconvoluted into
350three Gaussian−Lorentzian curves with their peaks; O(I),
351O(II), and O(III) are positioned at ∼530.0, ∼532.5, and
352∼534.5 eV, respectively. The observed values of binding

Figure 5. FESEM images of (a) pristine-ZnO, (b) ZnO-H1, (c) ZnO-H2, (d) ZnO-H3, and (e) ZnO-H4.

Figure 6. XPS spectra of the ZnO-H4 (a) survey scan in the range 0−1250 eV, (b) narrow scan of Zn 2p3/2 in the range of 10,212−2032 eV, (c)
narrow scan of O 1s in the range of 522−540 eV, and (d) narrow scan of N 1s in the range of 393−403 eV.
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353 energy are attributed to O2− (lattice oxygen present in perfect
354 symmetry), O2− (lattice oxygen in distorted symmetry), and
355 the loosely bound oxygen such as adsorbed CO, adsorbed O2,
356 or adsorbed H2O on the ZnO surface, respectively.25,27,35

357 Thus, oxygen exists in three different chemical environments
358 with varying contributions to the ZnO sample. However,
359 Stevens et al.41 have shown that the COO− group in L-
360 histidine indicates only a single O 1s peak at ∼531.3 eV, which
361 appears to have been overlaid by the O2-peaks at ∼530.0 and
362 532.5 eV. The observation of the N 1s signal in the survey scan
363 shows the presence of L-histidine in ZnO. Figure 6d shows that
364 the deconvoluted N1s spectra of the ZnO-H4 sample can be
365 deconvoluted into three Gaussian−Lorentzian curves at ∼396,
366 ∼397, and ∼399 eV. These peaks correspond to the N−Zn,
367 N−C (N�C−NH of histidine), and N−H (C−NH+ of L-
368 histidine) bonds, respectively.10,42 Furthermore, a similar N 1s
369 peak has been observed in all ZnO-Hi (i = 1, 2, 3, 4) samples.
370 These observations of core-level spectra of Zn, O, and N atoms
371 reveal the incisively complex bonding of the constituent atoms
372 in the synthesized samples.
373 3.5. Microtiter Plate Assay. Various mechanisms have
374 been reported in the literature regarding the antibacterial
375 activity of nanomaterials.43 It includes the direct physical
376 interaction of extremely sharp edges of nanomaterials with a
377 cell wall membrane,44 ROS generation,45,46 trapping the
378 bacteria within the aggregated nanomaterials,47 oxidative
379 stress,48 interruptions in the glycolysis process of the
380 bacteria,49 DNA damaging,50 Zn ion release,51 contributions
381 in generation/explosion of nanobubbles,52 and so forth. Single
382 or multiple modes of mechanism may occur during the

f7 383 antibacterial activity of nanomaterials. Figure 7 shows the

384 variation in percentage growth inhibition of E. coli after
385 treatment with 100 μg/mL ZnO and L-histidine-incorporated
386 ZnO. The reproducibility of growth inhibition of E. coli was
387 confirmed by repeating the experiment under the same set of
388 parameters three times. The growth inhibition values were the
389 same within the experimental error (±5%). The error bars in
390 the figure are derived from the differences obtained in growth
391 inhibition of E. coli by repeating the treatment under the same
392 set of parameters with p ≤ 0.05. It is evident from the bar
393 graph that the ZnO solution shows the highest percentage of
394 inhibition (94%). Furthermore, the figure shows that the
395 antibacterial activity decreases consistently with an increased

396concentration of histidine incorporated with ZnO. In other
397words, the toxicity of ZnO is reduced from 94 to 89% for ZnO-
398H1, 83% for ZnO-H2, 71% for ZnO-H3, and 62% for ZnO-
399H4. The decrease in the antibacterial activity may be due to
400the wrapping of the L-histidine molecule around the ZnO
401nanoparticles after binding to it.
402The intermediate layer of L-histidine reduces the interaction
403of the ZnO particles with E. coli; hence, the toxicity of ZnO is
404altered significantly by successfully integrating L-histidine with
405ZnO nanocrystals, thus protecting E. coli. Dadi et al.53 also
406reported similar results of the strong antibacterial activity of
407ZnO and CuO nanoparticles. We believe that the dominant
408mechanism in the present work for the antibacterial activity of
409L-histidine incorporated with ZnO is the ROS (discussed
410later).
411 f83.6. Morphological Study of E. coli. Figure 8 shows the
412scanning electron micrographs of E. coli, E. coli cells treated
413with a 100 μg/mL solution of ZnO, and E. coli cells treated
414with a 100 μg/mL solution of ZnO-Hi (i = 1, 2, 3, 4),
415respectively. Figure 8a shows the rod-shaped morphology of E.
416coli. However, the same intact morphology is no longer seen in
417Figure 8b, which is treated with a 100 μg/mL solution of ZnO.
418It appears that the E. coli cells are ruptured because of ZnO. A
419similar observation can be made from Figure 8c. However, as
420the concentration of L-histidine incorporated with ZnO-Hi
421increases (Figure 8d−f), the E. coli cells are not completely
422destroyed as it is observed in ZnO and ZnO-H1 (Figure 8b,c).
423These results suggest the antibacterial activity or toxicity
424reduction of the L-histidine-incorporated ZnO samples.
4253.7. ROS Assay. The generation of ROS is one of the
426unique mechanisms displayed by several antimicrobial agents
427contributing toward their toxicity in bacteria.50 Additionally,
428the generation of the superoxide anion (O2−), hydrogen
429peroxide (H2O2), and hydroxide (OH−) also contributes to
430the toxicity of antimicrobial agents. Sirelkhatim et al.54 have
431given a detailed explanation of the complete phenomenon.
432Fluorescent marker-labeled cells or particle absorbs the light,
433and the side scattered light intensity in flow cytometry displays
434the cell’s intracellular density. The graph of mean fluorescence
435 f9intensity for ZnO and other samples is shown in Figure 9.
436It was observed that there was a sharp change in the
437fluorescence of the DCFH-DA dye when the E. coli cells were
438treated with ZnO and ZnO-Hi (i = 1, 2, 3, 4) with a
439concentration of 100 μg/mL. Furthermore, the ROS generated
440in E. coli cells was found to reduce with increased
441concentration of L-histidine in ZnO nanoparticles. The cellular
442interaction with these compounds is lower than in pristine-
443ZnO, indicating the ubiquitous mechanism of cell death
444through ROS-mediated membrane damage.23 Furthermore,
445the antibacterial activity reduces as the concentration of L-
446histidine incorporated with ZnO increases. The results
447obtained from ROS studies further support the observation
448of the microtiter plate assay and SEM results. These studies
449strongly suggest that combining L-histidine in ZnO reduces the
450toxicity of ZnO to E. coli.
451The results show a successful synthesis of pristine-ZnO and
452L-histidine-incorporated ZnO using an open aqueous solution
453bath technique at 95 °C for antibacterial activity with a Gram-
454negative model organism, E. coli. Further studies can be
455extended on antibacterial activity with a Gram-positive model
456organism, E. coli. During the experimentation, we observed the
457nonuniform size distribution of ZnO nanoparticles. Therefore,
458we think that different process parameters of an open aqueous

Figure 7. Variation in inhibition of E. coli cells treated with ZnO and
L-histidine-incorporated ZnO samples.
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459 solution bath technique need to be studied to produce a
460 uniform size of the nanoparticles by varying the ratio of metal
461 salts, pH, and temperature during the synthesis process. The
462 investigation also can be carried out in the presence of a
463 natural stabilizing agent to produce better dispersion of ZnO
464 nanoparticles. Further studies on the antibacterial activity on
465 the efficiency of ZnO against pathogenic bacterium and fungi,
466 including the changes in ZnO morphology, can be possible for
467 understanding the inactivation effect of ZnO nanoparticles
468 against pathogenic microorganisms.

4. CONCLUSIONS
469 Pristine-ZnO and L-histidine-incorporated ZnO were synthe-
470 sized using an aqueous solution bath method. XRD analysis
471 revealed the formation of polycrystalline wurtzite ZnO. The
472 increased L-histidine concentration showed changes in the
473 structural properties of ZnO-incorporated L-histidine samples.
474 FTIR analysis showed the vibration signals of Zn−O, Zn−N,
475 carboxyl groups, and −OH groups. Upon incorporation of L-
476 histidine with ZnO, it showed a significant change in the
477 surface morphology. The XPS analysis revealed the bonding of
478 Zn, O, and N in three different environments. Finally, the
479 microbial activity of these samples was investigated using E. coli
480 as a Gram-negative model organism which showed up to 94%
481 growth inhibition. However, L-histidine incorporated in ZnO
482 showed reduced antibacterial activity. The flow cytometry
483 studies during the interaction of ZnO and E. coli confirmed the
484 generation of ROS, validating its antibacterial activity.

485However, the generation of ROS declined with an increase
486in L-histidine concentration, signifying a reduction in the
487toxicity of ZnO. The results show the potential application of
488the synthesized material in tissue engineering, medical
489implantation, and drug delivery.
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