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Methods

Synthesis of Pd2Spm
The Pd2Spm complex was synthesised according to published procedures 1, optimised by the 

authors 2: 2 mmol of K2PdCl4 were dissolved in a minimal amount of water and 1 mmol of 
spermine aqueous solution was added dropwise, under continuous stirring. After 24 h, the 
resulting orange powder was filtered and washed with acetone, and the yellow-orange needle-
shaped crystals were recrystallized from water. The newly synthesized compound was 
characterized (and tested for purity) by 1H-NMR and vibrational spectroscopies (FTIR, Raman 
and inelastic neutron scattering), the latter being compared with previous experimental and 
calculated (ab initio methods) vibrational profiles 2. Yield: 68%. Elemental analysis 
(Pd2(C10N4H26)Cl4): Found – C: 21.2%; H: 4.7%; N: 9.6%, Cl: 25.9%; Calculated – C: 21.5%; H: 4.6%; 
N: 9.9%, Cl: 25.6%.

Stock solutions of the drugs – either cisplatin or Pd2Spm – were freshly prepared by dissolving 
an appropriate amount of drug in PBS (phosphate buffer saline, H2PO4 1.5 mM, Na2HPO4 4.3 
mM, KCl 2.7 mM, NaCl 150 mM, pH 7.4) containing 10% of DMSO. The solutions were sterile-
filtered and stored at -20 °C.

QENS Fundamentals
Quasi-elastic neutron scattering (QENS) analyses the scattering signal resulting from a variety 

of atomic motions taking place at pico- to nanosecond time scales, ranging from fast vibrational 
and rotational localised modes to slower diffusional modes. This method is typically used under 
the assumption that the observed scattering can be treated as incoherent, as it is dominated by 
the incoherent interaction between hydrogen atoms and neutrons (hydrogen has a much larger 
incoherent scattering cross section compared to that of other elements). The QENS signal which 
is a direct measure of the dynamic structure factor, S(Q,ω), arises from all dynamical processes 
which fall in the spectrometer’s time window. It represents energy (ħ) and momentum (Q) 
exchanges between the neutrons and the atoms within the sample and is observed as a 
broadening about an elastic line of energy exchange ≈0. The signal measured experimentally can 
be expressed as:

                                                    (1)
𝑆measured(𝑄,𝜔) = exp( ‒

ℏ𝜔
2𝑘𝑇)𝑅(𝑄,𝜔)⨂𝑆(𝑄,𝜔)

where exp(-ħω/2kT) is a detailed balance parameter, and R(Q,ω) is the instrument´s resolution 
function (experimentally obtained) which is convoluted with the dynamic structure factor 
(S(Q,ω)) that describes the dynamical behaviour of the sample. In hydrogenous biological 
compounds, where S(Q,ω) is dominated by the large incoherent scattering from hydrogen 
atoms, it is typically analysed as a convolution of vibrational, rotational and translational 
components which are assumed to be independent motions,

                                               (2)
𝑆inc(𝑄,𝜔) = 𝑆𝑣𝑖𝑏(𝑄,𝜔)⨂𝑆𝑟𝑜𝑡(𝑄,𝜔)⨂𝑆𝑡𝑟𝑎𝑛𝑠(𝑄,𝜔)

Strictly in the elastic and quasielastic regions,

                     (3)𝑆𝑖𝑛𝑐(𝑄,𝜔) = 𝑒𝑥𝑝( ‒ 𝑄2〈𝑢2〉)[𝐴0(𝑄)𝛿(𝜔) + (1 ‒ 𝐴0(𝑄))𝐿(𝑄,�𝜔) �]

where the exponential term is the Debye-Waller factor, A0(Q)δ(ω) is the elastic contribution 
arising from motions slower than the longest observable time as defined by the energy 
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resolution of the spectrometer, and the second term in the equation corresponds to the 
quasielastic component. Sinc(Q,ω) provides time/space information on the system probed, on 
the time scale of the dynamical processes (through the neutron energy transfer, ω), and on the 
spatial extent of these processes (from the momentum scattering transfer, Q). Since the QENS 
data in the time domain is represented by an exponential, it can be approximated in the energy 
domain by Lorentzian functions of different widths,

                                                                                           (4)
𝐿(𝑞,𝜔) =

1
𝜋

Γ(𝑞)

Γ(𝑞)2 + 𝜔2

Γ being the full width at half-maximum (FWHM=2xHWHM (half-width at half-maximum)). These 
Lorentzian functions describe motions occurring on different lengthscales, detailed information 
on each dynamic component being retrieved from the Q-dependency of Γ.

S(Q,w) functions are measured directly on QENS spectrometers such as IN5 and IN16B at the 
ILL. In addition, an efficient method called fixed window scans (FWS) is available on IN16B, 
whereby instead of measuring the full range of energy transfers at a fixed temperature the 
scattering signal is scanned at a fixed energy as a function of temperature. Each scan is taken at 
a fixed energy transfer point (1, 2, 3, …) of the QENS curve (Fig. S7). Since the scans are obtained 
in different areas of the QENS profile, this information must be taken into account when 
interpreting the data 3.

As indicated above, dynamic information is contained in the peak broadening (FWHM). By 
recording the intensity of the scattered data vs Q at different energy transfers, the apparent 

MSD  can be calculated for that specific energy transfer, according to the following < 𝑢2𝜔>

equation:

(5)
log [𝑆(𝑄,𝜔)] =‒

1
3

⋅ (𝑏+ 〈𝑢2〉𝜔 ⋅ 𝑄2 + 𝑐 ⋅ 𝑄4)

This allows us to infer the dynamic behaviour of the systems and how it changes under 
different conditions, in this case temperatures.

Additionally, the intensity integrated over Q in the incoherent range, and its variation with 
temperature, provides information on the relative flexibility of the samples. For this there are 
two approaches: (i) the elastic fixed window scan, where a higher intensity at 0 µeV reveals a 
larger elastic contribution and thus a reduced dynamics within the analysed timescale; (ii) the 
FWS at 0.9, 1.3, and 2  (in IN16B), which sit on different areas of the broadened QENS peak. 𝜇𝑒𝑉
Analysing these intensity changes with a variation in temperature allows to determine if the 
corresponding dynamic change increases or decreases with temperature 3. In IN5, elastic 
intensity (EI) measurements were performed as a function of T (100 – 310 K), over 0 energy 
transfer.

QENS Data Analysis
The quasi-elastic neutron scattering data was binned for better statistics and grouped (into 

10 groups for IN5 and 8 groups for IN16B). The data was reduced from raw time-of-flight signals 
into energy transfer spectra using the MANTID routine (Manipulation and Analysis Toolkit for 
Instrument Data, version 6.11.0) 4.
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QENS spectra were corrected for detector efficiency. Resolution functions were determined 
independently from calibration runs for: (i) vanadium used for detector efficiency corrections; 
(ii) drug-protein adducts at low temperature (ca. 2 K) used as resolutions for data analysis.

The experimental data was fitted to existing models previously optimised by the authors 5-7, 
to obtain diffusion coefficients and relaxation times. Fitting of the QENS spectra was performed 
within the energy transfer range -2 to 2 meV, for a Q-range of 0.3 to 1.2 Å-1 for IN5, and -0.31-
0.31 meV for a Q-range of 0.43 to 1.21 Å-1 for IN16B, to ensure negligible coherent scattering 
contributions to the signal (the incoherent assumptions hold 8), using the DAVE software (version 
2.5, developed at the National Institute of Standards and Technology (NIST) Center for Neutron 
Research) 9. The systems were accurately represented by applying one Dirac Delta function to 
account for very slow hydrogen motions whose center of mass appears immobile within the 
instrument resolution (elastic component) and two Lorentzians that describe all mobile atoms 
within the instrument´s timescale (quasielastic contributions). In addition, an energy 
independent instrumental background was applied.
FWHM values were extracted from each of the Lorentzian functions, and the translational 

diffusion coefficients (DT) and reorientation times ( , the mean residence time of a water 𝜏𝑇

molecule in each possible location) (at temperature T) were obtained according to a non-
diffusive jump reorientation model 10, 11 that follows the equation:

                                                                                            (6)
Γ𝑇(𝑄) =

𝐷𝑇𝑄
2

1 + 𝐷𝑇𝑄
2𝜏𝑇



5

Supplementary Figures

Figure S1. QENS profiles, measured at IN5, at 100 K (Q=1.2036 Å-1, logarithmic scale) for H2O-hydrated and 
D2O-hydrated HSA.
(The spectra are normalised to maximum peak intensity. The dashed line represents the instrument 
resolution, as measured by a standard vanadium sample).

Figure S2. QENS profiles (at 310 and 100 K, Q=1.2036 Å-1, logarithmic scale) (A and B) and plots of elastic 
intensity (EI) as a function of T (100 – 310 K) (C), measured at IN5 (at 0 µeV), for lyophilised HSA and the 
corresponding drug-HSA adducts.
(The spectra are normalised to maximum peak intensity. The dashed line represents the instrument 
resolution, as measured by a standard vanadium sample. The elastic intensity data was obtained over 0 
energy transfer).
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Figure S3. Plots of elastic intensity, at 310 K, measured at IN5, for H2O-hydrated HSA, D2O-hydrated HSA 
and the corresponding drug-HSA adducts.

Figure S4 (I). FWS as a function of T (5 – 310 K), obtained at IN16B, for D2O-HSA, D2O-HSA+cDDP and D2O-
HSA+Pd2Spm, at 0 µeV (A), 0.9 µeV (B), 1.3 µeV (C) and 2.0 µeV (D). (Plot (A) represents the normalised 
elastic intensity integrated over the instrument resolution, while (B) to (D) represent the non-normalised 
intensity at different energy transfers). (II) Temperature variation of the generalized mean-square 
displacements (5 – 310 K), obtained at IN16B, for D2O-HSA, D2O-HSA+cDDP and D2O-HSA+Pd2Spm, at 0 
µeV (A), 0.9 µeV (B), 1.3 µeV (C) and 2.0 µeV (D).
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Figure S5. QENS profiles, at 310 K, measured at IN5 (averaged over the entire Q range, logarithmic scale), 
for HSA and the corresponding drug-HSA adducts in D2O solution.
(The spectra are normalised to maximum peak intensity. The dashed line represents the instrument 
resolution, as measured by a standard vanadium sample).

Figure S6. Fits of ln(EISF) vs Q2 to determine the MSD´s (at 310 K) for: (A) D2O-HSA; (B) D2O-HSA+Pd2Spm. 
(The results are shown in Table 3 of the main manuscript).

Figure S7. Example of a QENS spectrum illustrating how FWS scans are taken. (More than the 3 indicated 
energy transfers can be scanned).
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