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Abstract
Using Raman spectroscopy and lysozyme, this latter as model protein, we investigate the differences in 

protein conformation before and after LB nanotemplate-induced crystal nucleation and growth. It was found that 
the main difference in lysozyme conformation is associated to the higher amount of S-S bonds in lysozyme of LB 
crystals, probably in C-end of protein, resulting in the higher stiffness of the lysozyme molecules and LB crystal in a 
whole. Growth in size of LB crystal over time is also accompanied by the formation of S-S bonds. Atomic structure, 
determined by X-ray diffraction, correlates Raman spectroscopy results confirm the main differences between LB 
and classical crystals are in terms of water molecules environment previously associated to the increased radiation 
stability of LB crystals.
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Introduction
Raman spectroscopy is attractive as a potential diagnostic tool 

because it requires no extrinsic labeling, is not limited by masking 
water contributions, and is inherently a multiplexing technique. 
Raman-based measurements of biological samples have already been 
exploited for the identification of molecular specific markers for disease 
detection and monitoring [1]. The use of fiber optic technology coupled 
with Raman spectroscopy is ideal for application to aqueous solutions, 
either with or without Langmuir-Blodgett (LB) nanotemplate [2,3]. 
Raman is expected to evaluate the lysozyme concentration changes in 
vapour diffusion hanging drop method with and without Langmuir-
Blodgett nanotemplate. Raman spectra have previously been subjected 
to quantitative infrared partial least-squares (PLS) models with 
remarkable success [4]. The PLS model generated correlates the 
spectral region from 2700 to 3600 cm-1 with the concentration (g/
ml) of lysozyme. This spectral region encompasses vibrations due to 
the protein C-H stretches centered at 2950 cm-1 and the water O-H 
stretches centered at 3230 cm-1 [5,6].

We intend to reproduce their data using the modified hanging 
drop method with the LB nanotemplate of the protein, deposited on 
the glass cover slide brought in the contact with the protein solution 
drop. Hanging drop vapor diffusion crystallization technique, when 
used with Langmuir-Blodgett thin films results in both acceleration 
of the protein nucleation and crystal growth; moreover, the use of the 
nanotemplate seems to improve both crystal quality and the resistance 
to the radiation damage [7-9]. In several protein systems the nucleation 
was observed using the template, while classical hanging drop was 
not successful. Using the lysozyme as the model systems, we expect 
to understand from the Raman spectra the differences between the 
mechanism of the crystallization with and without the nanotemplate, 
and estimate the influence of the LB nanotemplate to the protein 
nucleation and growth. In this paper for the first time we present results 
of RS study of the mechanism of the crystallization with and without 
the nanotemplate, and estimate the influence of the LB nanotemplate 
to the protein nucleation and growth. Langmuir-Blodgett (LB) thin 
films used as template for protein crystallization develop crystal 

with improved radiation stability in presence of third generation 
synchrotron facility due to their different arrangements [10-22]. One 
of the main reasons of this success is apparently due to water molecules 
distribution around protein backbone [18].

Materials and Methods
Crystallization of lysozyme

The protein solution used for both the LB and the classical hanging-
drop method were of 18 mg/ml in 50 mM Na2HPO4 pH 10.4 1 mM 
EDTA with a reservoir of 400 mM Na2HPO4 at pH 10.4 10 mM EDTA at 
RT. Moreover, the LB vapour diffusion hanging drop modified method 
was utilized as described in Pechkova and Nicolini [15]. Lysozyme thin 
film was prepared on the water-area interface and compressed to a 
surface pressure of 25 mN/m by means of a Langmuir–Blodgett trough 
[16].

LB thin film preparation

Lysozyme thin films are prepared on the water–area interface and 
compressed to a surface pressure, dependent on the proteins that have 
to be crystallized. The protein solution after filtration with Millex HV 
(Syringe–Driven Filter Unit, Millipore) is spread over the water surface 
with Hamilton syringe without use of any dispersant. The protein 
monolayer is compressed immediately after spreading to the surface 
pressure of 20 mN/m by two through teflon barriers with compression 
speed of 70 cm/min. The transfer of protein monolayer from the 
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1.  Initially, at time equal zero, the 1 ml reservoir concentration 
is 0.45 NaCl as the one in the drop of 6 microliter on the glass 
slide containing equal amount (3 microliter) of: buffer 0.9 NaCl 
0.05 M sodium acetate pH 4.5, protein concentration equal to 
40 mg/ml in order to establish the baseline until the complete 
proper alignment of the optics and of the laser is achieved; 

2.  Then we quickly change the salt concentration of the NaCl/
buffer solution in the reservoir which contains a volume of 0.8 
ml, namely: for the first 20 minutes with “induced nucleation’’ 
solution of 6 ml NaCl 3 M + 4 ml NaAc means 1.8 M NaCl; 
and for remaining 6 hours with “controlled growth” solution 
of 3 ml NaCl 3 M + 7 ml NaAc means 0.9 M NaCl. During the 
entire time interval the RAMAN spectra has been continuously 
acquired. 

3.  Next, we repeat the same experiment using the cover slide 
covered with the 2 monolayer of the Lysozyme LB nanotemplate 

As showed in Advances in spectroscopic methods for biological 
crystals [23] the used apparatus consists of the laser source, the 
spectrometer and the probe and it was manufactured by Renishaw 
(Gloucestershire, United Kingdom). Fluorescence and photochemical 
modification of biological samples by laser beam minimized from 650 to 
800 nm were studied using a NIR 785 nm laser source. This laser source 
consists of an air-cooled diode laser RL785, operating at a wavelength 
of 785 nm (± 0.25 nm) and supplying a power of 300 mW. Only 50 mW 
reach the sample, indeed Raman scattering in biological samples is low. 
The spectrograph is a Renishaw In Via single-stage spectrometer with 
a focal length of 250 mm. The Raman signal enters the spectrometer 
through manually adjustable slits and is dispersed by an NIR-blazed 
holographic grating of 1200 grooves mm-1. A Renishaw RemCam deep-
depletion CCD detector low-noise thermoelectrically cooled at 203 K is 
used. It allows a rapid acquisition of Raman spectra over a wide spectral 
range. Continuous Raman spectra running from 200 to 4000 cm-1 can 
be collected with a resolution of 1 cm-1 (SynchroScan method), spikes 

subphase (water) surface onto solid support is then performed by 
touching the support in parallel to the subphase surface in accordance 
with the LB technique (horizontal lift). Siliconized circular glass 
cover slides (Hampton Research) washed in distilled water and dried 
in a gaseous nitrogen flux are used as substrate for two subsequent 
protein film depositions. A protein monolayer is then deposited on the 
siliconized glass cover slide of 20 mm diameter (Hampton Research) 
by the Langmuir–Schaeffer method. This highly ordered protein 
nanotemplate is utilized in hanging-drop protein crystallization. The 
drop of protein solution and the precipitant (salt) is placed on the glass 
slide covered by LB thin film nanotemplate. As in the classical hanging-
drop method, the glass slide with the protein template and the drop of 
protein solution was sealed on the crystallization plate (Limbro plate, 
Hampton Research) using vacuum grease.

Raman spectroscopy

Raman spectroscopy was used to evaluate the lysozyme 
concentration and the amount of water within the crystallization drop, 
simultaneously. Raman spectroscopy probes the vibrational energy 
levels of the bonds within the protein and the water; as previously 
shown [17-22] unique water environment in LB crystals really differ 
from classical one. A 6 microliter protein drop is deposited on a 
microscope cover glass. The cover glass was then inverted and placed 
over a 3 ml vessel containing 0.8 ml of a NaCl/buffer reservoir ranging 
in ionic strength from 0.34 to 2.73 M. The top of each vessel is greased 
to ensure an airtight seal. The reaction vessel consists of a 3 cm3 vial. 
The incident, laser light travels through the cover glass directly into the 
hanging drop of protein. Since the cover glass does not scatter well at 
632.8 nm, the cover glass is optically transparent to the measurement 
permitting the measurement of lysozyme concentration without 
contact with the solution and provides spectral coverage from 400 to 
3650 cm-1.

In the RAMAN experiments carried out at IBS-Cryogen Lab 
(Figure 1) we utilized an adapation of our in situ chamber previously 
utilized with microGISAXS at ID13 [13], namely:

Figure 1: Raman microspectrophotometer at the ESRF cryobench. Image credits ID23 ESRF beam line.
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can be avoided by the ‘step and stitch’ method. The optics section 
(for excitation and collection) consists of a compact Raman probe 
(140 X 45 X 20 mm3) compatible with X-ray goniometer configured 
in coaxial back-scattering geometry. This configuration minimizes 
the required space around the sample and preventing misalignment 
between the excitation and detection volumes. Acquisition time was of 
5 minutes per crystal. Wire 2.0 software was used to control the Raman 
spectrometer. Further details can be found in Carpentier et al. [23].

Data processing of raman spectra

In this manuscript were used two softwares for Raman spectra 
analysis. Mainly SpADS:Spectra Analyzer and Data Sets classificator 
[24,25] was used for preprocessing while Raman Cooker [26] was used 
for base line correction. After a preprocessing with SpADS, baseline 
correction was performed using Raman Cooker and three examples 
of baseline correction are shown in Figures 2 and 3. For all spectra 
we performed baseline subtraction to ensure that the Raman peak 
intensities were calculated correctly without artificial influence of the 
baseline drift.

X-ray Crystallography

All X-ray data were collected at ID 14-4, ESRF, Grenoble, France. 
A beam with Energy of 13.3 keV and a wavelength of 0.932216 Å was 
used for diffraction pattern collection. All datasets were collected using 
freshly frozen crystals cryo cooled at 100K using their mother liquor 
containing in addition 30% of glycerol as cryoprotectant. Classical 
and LB-film based crystals of approximately the same dimensions 
and shape were used to collect two complete data sets. Each dataset 
is composed of 180 images acquired at 1° and with 1 sec of exposure 
time. The datasets were recorded using an ADSC Q315r CCD detector. 
Both data sets were indexed and integrated with MOSFLM [27] 
and both crystals were processed in space group P43212. Datasets 

were then scaled with the program SCALA from the CCP4 software 
package [28]. MATTHEW COEFF [29] of the ccp4 package was used 
for the calculation of the number of molecules in the asymmetric unit 
assuming a protein molecular weight of 5.733 kDa. The crystal structure 
was solved by molecular replacement using MOLREP [30]. Structure 
used as template was PDB ID 2AUB [22]. The protein model obtained 
from molecular replacement stage was then refined against the classical 
and LB crystals using REFMAC5 [31,32]. Data were then inspected at 
the same contour level with COOT [33]. Visual inspection of the two 
structures were performed using PyMol [34] A cutoff of the resolution 
was applied to 2.0 Å in order to make the two structure comparable 
(Figure 4).

Results and Discussion
Special features of lysozyme, were used for the interpretation of 

crystal Raman Spectroscopy (Figures 5-7) are shown in Table 2. Raman 
Spectroscopy peak assignment is based on [35], namely lysozyme 
molecule has 6 Trp residues. Trp123 is located closely to C-end of the 
lysozyme. Four S-S bonds with disulfide bonds S6/S127 and S30/S115 
located closely to C-end of lysozyme. S-S and S-H bonds' vibration in 
lysozyme molecules gives Raman Spectroscopy scattering at 505 and 
634 cm-1, respectively. There is a Phe residue located nearby disulfide 
bonds S6/S127 and S30/S115, whereby Raman peak at 865 cm-1 (N1H 
bond vibration in Trp) is the most stable peak and could be used as 
a reference to compare the relative presence of other peaks in the 
region 400-1000 cm-1. C-terminal end of lysozyme molecule is more 
flexible and susceptible to changes in the environment, with respect to 
N-terminal.

We demonstrated, as showed in Figure 5, that Raman Spectra of 
LB lysozyme, of the same size (30 µ) and at different point of time 
after nucleation (2 and 10 min) are different due to their different 
bond vibrations. Observed changes in Raman Spectra correspond to 

Figure 2: Examples of baseline correction.
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Figure 3: (A) LB Lysozyme baseline correction via software (B) Classical Lysozyme baseline correction via software.

Parameters
Classical LB

4I8S 4IAT
Resolution Range (Å) 2.00 – 40.17 (2.00 – 2.11) 2.00 – 39.39 (2.00 – 2.11)

a = b, c (Å) 80.34 37.16 78.78 36.99
α = β = γ (°) 90 90

Completeness (%) 100.0 100.0
Mosaicity 0.97 0.54

Spacegroup P 43 21 2
I/Sigma 12.1 (8.6) 31.8 (20.0)

Rsym 0.199 0.066
Rfactor 0.195 0.175
Rfree 0.259 0.241

Total number of reflections 8200 7903
R.m.s. on bond length (A) 0.022 0.022

R.m.s. on angles (°) 1677 1797

Table 1: Statistics of the X-ray diffraction studies of the two lysozyme crystals, the former growth with classical hanging drop method and the latter growth with LB modified 
vapour.
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Figure 4: As described in results section of the manuscript (a) On the left Structure of the classical crystal grown Lysozyme and on the right structure of the LB crystal 
grown Lysozyme solved my X-ray protein crystallography. (b) Superposition of the two obtained structure of Lysozyme in blu the classical and in red the LB one.

Table 2: Assignment of Raman peaks used in the comparative study.

Frequency shift, 1/cm Bond vibration Residue in lysozyme Sensitivity

505 Disulfide bond 
S-S

There are four pairs of S-S bonds in lysozyme. 
Two of them S6-S127 and S30-S115 are 
close to the C-end

Increase in peak intensity corresponds to the increase in the amount of S-S 
bonds in lysozyme

634
C-S streching 
mode in Cys 
residues

Cys Amount of Cys residues

760
Indole ring 
breathing mode 
of Trp

Trp (there are 6 Trp in lysozyme, one of them 
Trp123 locates closely to S6-S127, S30-S115 
in C-end)

Sensitive to the hydrophobic invironment. Characteristical peak of lysozyme

865-883 N1H site of Trp Trp
Frequency of the band depends on the strength of H-bond between Trp and 
other side-chain amino-acid residue. 865-871 1/cm – in H non-bond Trp; 883 
– in high H-bonding strength Trp residues

890, 930
Backbone 
C(alpha)-C, 
C(alpha)-N

Peptide backbone

1001 Ring breathing 
of Phe

1010-1014 Ring breathing 
mode of Trp Trp
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formation of S-S bonds resulting in the decrease of amount of SH- bonds 
in Cys residues. This is manifested in Raman Spectra as the increase in 
relative intensity of peak at 505 cm-1 and the decrease in peak intensity 
at 634 cm-1 [35]. The relative inputs of Raman Spectra peaks at 760, 
1001 and 1010 cm-1 into the spectrum (ratios of intensities I760/I865, 
I1010/I865 and I1010/I865) increase with time and corresponds to the 
increased manifestation of vibrations of indole ring, ring breathing of 
Trp and of ring breathing of Phe.

The difference in Raman Spectra with bonds vibrations in 
lysozyme for the lysozyme crystals depend on size by comparing 
lysozyme crystals of 50 and 150 µ, yielding changes in Raman spectra 
corresponding to formation of S-S bonds resulting in the significant 
decrease in the amount of SH- bonds in Cys residues (Figure 6). This 
is manifested in Raman spectrum of 150 µ lysozyme crystals as a huge 
increase in relative intensity of peak at 505 cm-1 and vanishing of peak 
at 634 cm-1. The relative inputs of peaks at 760, 1001 and 1010 cm-1 into 
the spectrum of the larger lysozyme crystal (ratios of intensities I760/
I865, I1010/I865 and I1010/I865) are significantly higher (especially 
ratios I1010/I865 and I1010/I865) than the inputs of the same RS peaks 
of the smaller lysozyme crystal. This corresponds to the increased 
manifestation of vibrations of indole ring, ring breathing of Trp and of 
ring breathing of Phe.

We observed the appearance of Raman Spectra peak at 875 cm-1 in 
lysozyme crystal of 150 micron size that can be due to the formation 
of H-bond between Trp residues with other side-chain amino-acids. 
There is an increase in the relative intensities of peaks at 890 and 930 
cm-1 in 150 µ-sized lysozyme crystal corresponding to the increased 
input of vibrations of C(alpha)-C and C(alpha)-N bonds. Such a change 
can be due to the conformational change in the backbone of lysozyme 
molecules in the 150 µ crystal. The difference between RS of lysozyme 
in LB and classical crystals corresponding to the difference in their 
conformation and bond vibrations was found (Figure 7). Indeed, LB 
and classical crystals of the same 30 µ size taken at the same time after 
nucleation differ drastically in their conformation, as can be monitored 
by their Raman Spectra differences displaying: higher amount of S-S 
bonds in LB crystal than in the classical and the decreased amount of 
SH-bonds in Cys residues. This is manifested in Raman spectrum of 
LB crystal (30 µ) as appearance of peak at 505 cm-1 and the decrease 
in intensity of peak at 634 1 cm-1. In LB crystal there is the increased 
manifestation of vibrations of indole ring, ring breathing of Trp and 
of ring breathing of Phe. This can be seen as the significant increase 
in the relative inputs of peaks at 760, 1001 and 1010 cm-1 into the RS 
of the LB lysozyme crystal (ratios of intensities I760/I865, I1010/I865 
and I1010/I865, and especially ratios I1010/I865 and I1010/I865) in the 
comparison to the classical crystal.

These RS changes between LB and classical crystals are very similar 
to the changes that are observed between large and small LB crystals 
and between LB crystals of the same size, but on the different points of 
time after nucleation.

We suppose that difference between LB and classical crystals and 
changes observed for larger lysozyme LB crystals and for LB crystals 
with different time after nucleation occur near the C-end of lysozyme, 
since this region is the most sensitive to any environmental changes 
[35].Figure 5: (A) Raman spectrum of Lysozyme LB, 150 micron. (B) 

Conformation of lysozyme in crystals LB of the same size changes with time.

Figure 6: Conformation of lysozyme in LB crystals changes with the change 
in the crystal size.
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We suggest in Figure 7 that LB crystal growing with time is 
accompanied by:

1.  Formation of S-S bonds S6–S127/S30–S115 that brings Trp123 
into new position and facilitates vibrations of its rings. It could 
also promote formation of H-bond between Trp indole ring 
and the nearby amino acids; 

2.  Formation of S-S bonds S6–S127/S30–S115 that brings the 
whole C-end closer to Phe31 and Phe38 residues. This affects 
Phe rings vibrations; 

3.  Formation of S-S bonds in C-terminal that affects the 
conformation of the C-terminal and, possibly, the whole 
lysozyme. C-terminal is more rigid in LB crystals than in classic 
crystals and in larger LB crystals than in smaller one. This can 
produce more rigid and stable crystals. 

We suggest that the main difference in lysozyme conformation 
in LB and classical crystals is caused by higher amount of S-S bonds 
in lysozyme of LB crystals, probably in C-end of protein, resulting in 
the higher stiffness of lysozyme molecules and LB crystal in a whole. 
Development of LB crystal in time and increase in its size is also 
accompanied by the formation of S-S bonds.

For what concern x-ray diffraction experiment LB lysozyme 
statistics are better in terms of quality parameters such Rfactor and 
Rfree of 0.175 and 0.241 respectively while for classical an Rfactor and 
Rfree of 0.195 and 0.259 were found for classical. As showed in Figure 
4 minor differences were found in the two solved structures. Statistics 
are showed in Table 1 while images of the two structures are showed in 
Figure 4 A and B.

Conclusion
Raman spectroscopy provided us a powerful technology to 

probe structural protein alteration during their crystallization by LB 
nanotemplate. Monitoring of water molecules was possible with this 

latter technique as was theorized, about water molecules redistribution, 
in previous work about LB protein nanotemplate [17,18]. In particular, 
in this manuscript we focused on Raman Spectroscopy of lysozyme 
crystals growth either with classical method or with LB nanotemplate 
method. We found two different organizations of the same protein and 
results (such as stiffness) are improved for the LB crystal grown. In the 
past we showed how the amount of the water molecules – and their 
arrangement – affects the crystallization process [18]. As showed in 
different papers, LB offer a 2D structure with which crystal protein can 
grown faster, easier, and, we suppose, in a much ordered way [36]. In 
a more ordered structure, therefore, it is assumed that water molecules 
tend to arrange themselves in a more orderly manner around the 
protein. From our perspective this is the reason of the quality differences 
between these two types of crystals and the higher radiation damage 
resistance improvement, due to a minor production of free radicals. 
These latter brought us to think that Raman spectrometry is optimal to 
monitor crystal growth in solvent, with and without thin film. Thanks to 
Raman spectrometry we are able to suggest that the main difference in 
lysozyme conformation in LB and classical crystals is caused by higher 
amount of S-S bonds in lysozyme of LB crystals, probably in C-end of 
protein, resulting in the higher stiffness of lysozyme molecules and LB 
crystal in a whole. Development of LB crystal in time and increase in its 
size is also accompanied by the formation of S-S bonds.
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