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ABSTRACT 

Disaccharide glasses are increasingly used to immobilize proteins at room temperature for 

structural/functional studies and long-term preservation. To unravel the molecular basis of protein 

immobilization, we studied the effect of sugar/protein concentration ratios in trehalose or sucrose 

matrices, in which the bacterial photosynthetic reaction center (RC) was embedded as a model 

protein. The structural, dynamical, and H-bonding characteristics of the sugar/protein systems were 

probed by high-field W-band EPR of a matrix-dissolved nitroxide radical. We discovered that RC 

immobilization and thermal stabilization, being independent of the protein concentration in 

trehalose, occur in sucrose only at sufficiently low sugar/protein ratios. EPR reveals that only under 

such conditions sucrose forms a microscopically homogeneous matrix that immobilizes, via H-

bonds, the nitroxide probe. We conclude that the protein immobilization capability depends 

critically on the propensity of the glass-forming sugar to create intermolecular H-bond networks, 

thus establishing a long-range, homogeneous connectivity within the matrix.  
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The intriguing stability properties of proteins incorporated in solid sugar matrices are a 

subject of active research (for a comprehensive review, see 1). Glassy disaccharide matrices such as 

sucrose and trehalose exhibit an outstanding capability to immobilize embedded biomolecules 

already at room temperature (RT). In basic research, such disaccharide systems greatly facilitate 

function/dynamics studies, because the conformational dynamics of the incorporated protein can be 

tuned at physiological temperatures by controlling the hydration level of the matrix. Under dried 

conditions, a retardation of protein dynamics, which mimics the effects of cryogenic temperatures, 

can be attained. 2-6 Disaccharide glasses have been employed recently as RT immobilizers of 

proteins 7 and nucleic acids 8 also for structural studies, based on pulsed dipolar EPR. In 

biotechnological applications trehalose-sugar glasses have received a wide interest to stabilize labile 

biostructures, optimizing their long-term storage at RT in the solid state. 9-10 These multifarious 

uses have been inspired by naturally occurring organisms that exploit the bioprotective action of 

trehalose, sucrose and other disaccharide glasses to withstand long periods of extreme draught and 

high temperatures by preserving the integrity of their cellular structures, while reversibly arresting 

their metabolism (anhydrobiosis). 11 

Despite the large efforts devoted to understand biopreservation phenomena during the last 

decades, the underlying molecular mechanisms remain unclear in many respects, and several, often 

complementary, hypotheses have been proposed. 12-17 In the case of proteins a large body of in vitro 

and in silico studies shows that the conformational immobilization reflects a tight protein-matrix 

dynamical coupling, promoted by a network of hydrogen bonds that involves exposed protein 

groups, sugar and residual water molecules 1, 18 (see also the recent differential-scanning-

calorimetry (DSC) and viscometry work on the role of trehalose for the stabilization of proteins19). 

The structural organization of the protein-disaccharide matrices is therefore expected to play a 

critical role in bioprotection.   

To clarify the protein-matrix interactions, glasses formed by trehalose and by the homologous 

disaccharide sucrose (Figure 1) have been compared in molecular detail, revealing a weaker in vitro 
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inhibition of conformational dynamics in sucrose, 16, 20 although in vivo large amounts of this 

disaccharide are expressed by anhydrobiotic higher plants. 21 In a previous study, 22 aimed at 

elucidating the physical basis of the superior bioprotective efficacy of in vitro trehalose, we probed 

the structural and dynamical characteristics of binary trehalose-water and sucrose-water matrices by 

means of high-field W-band EPR, using a nitroxide radical as electron-spin probe embedded in the 

glasses. In line with the tighter protein-matrix coupling concept in trehalose glasses, the EPR 

spectra of the nitroxide show that in dried trehalose systems the guest molecules are homogeneously 

integrated into a hydrogen-bond network of water-trehalose, which strongly restricts their mobility. 

In contrast, dehydrated sucrose forms a highly heterogeneous matrix, which includes polycrystalline 

clusters and different amorphous domains, where residual water and guest molecules accumulate, 

retaining a considerable mobility.   

In the present letter we address, at the molecular level, the problem of the peculiar trehalose 

protein stabilization by comparing the protein immobilization capabilities of sucrose and trehalose 

in amorphous ternary sugar-water-protein systems. To this end we probe in parallel their structural 

and dynamical organization via W-band EPR of a nitroxide radical dissolved in the respective 

matrices. We demonstrate that the protein concentration within the matrices governs the 

matrix/protein coupling in sucrose, but not in trehalose. This is because only in the sucrose system 

the structural and dynamical properties are affected by the sugar/protein molar ratio.  

 



 
 

5 
 

Figure 1. Structure of the RC from Rb. sphaeroides R-26, of the perdeuterated pyrroline type 

nitroxide radical, and of the disaccharides sucrose and trehalose used as glass formers. 

RC cofactor abbreviations: P865, bacteriochlorophyll a dimer; BChl, bacteriochlorophyll a 

monomer; BPh, bacteriopheophytin a; Q, ubiquinone-10; Fe2+, non-heme iron. A and B 

indices refer to the two protein-cofactor branches related by a pseudo-C2 symmetry. 

As a model guest protein we used the bacterial photosynthetic reaction center (RC) from 

Rhodobacter (Rb.) sphaeroides R-26 (Figure 1). Within this pigment-protein complex, 23 following 

photoexcitation, an electron is delivered from the primary electron donor P865, a bacteriochlorophyll 

dimer, to the primary quinone acceptor QA, generating the primary charge-separated state −•+•
A865QP . 

When electron transfer to the secondary quinone acceptor QB is prevented, the electron on QA 

recombines with the hole on P. The kinetics of −•+•
A865QP  recombination after a short (nanosecond) 

laser pulse (Figure 2) provides an endogenous probe of the RC internal dynamics. In RT solutions, 

following charge separation, the RC relaxes from a dark-adapted to a light-adapted conformation, 

which stabilizes energetically the −•+•
A865QP  state (lifetime ≈100 ms). When such a relaxation is 

blocked (by freezing the RC in the dark 24 or by incorporating it into RT trehalose glasses 4), the 

recombination kinetics, as observed for RCs in solution, accelerate ( −•+•
A865QP  lifetime ≈20 ms) and 

become distributed, reflecting the freezing of the protein yielding a large ensemble of 

conformational substates. Thus, we use a continuous distribution p(k) of rate constants to describe 

the survival probability N(t) of the −•+•
A865QP  state after photoexcitation by a laser pulse 4 

���� = � ����
	



����−�����	 = �1 + �����																																																									�1� 

with λ and n as adjustable parameters. 25 Fitting N(t) to a power law implies that p(k) is a Gamma 

distribution, ���� = 	 ���������−� �⁄ �� ���Γ����⁄ , where Γ(n) is the Gamma function. The 

average rate constant, <k>, and the variance σ2 of p(k) are given by 26	〈�〉 = ��		and �� = ���.  
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Figure 2. The effect of the (sugar/protein) molar ratio m on the kinetics of −•+•
A865QP  recombination in 

RC-sucrose (A) and RC-trehalose glasses (B) at the same relative humidity, r = 11%. 

Charge recombination after the laser pulse (at t = 0) has been monitored by optical 

absorption spectroscopy. Traces b (blue), c (green), and d (red) refer to m values equal to 

104, 5·103, and 103, respectively. Kinetics in a liquid RC suspension, trace a (grey), are 

shown for comparison. Black curves are the best fit to Eq.1. The insets show the 

corresponding rate-distribution functions f(k) on a logarithmic scale [p(k) dk = f(k) d 

log(k)]. Values of average rate constants <k>, distribution widths σ, and residual water 

contents of the matrices are reported in Table S2 of Supporting Information.  

In essence, <k> and σ  report on the conformational dynamics of the RC: An increase in <k> 

and/or in σ mirrors a retardation of the RC relaxation from the dark- to the light-adapted 

conformation and/or of the interconversion between conformational substates, respectively. 5 Based 

on this rationale, Figure 2 compares the kinetics of −•+•
A865QP  after a laser flash in sucrose-RC (panel 

A) and trehalose-RC glasses (panel B) at sugar/RC molar ratios m from 103 to 104. At low protein 

concentration, m = 104 (blue traces), dehydration of sucrose-RC glasses results in a modest 

acceleration of the kinetics and limited distribution broadening, as compared to trehalose-RC 

glasses. However, the decrease of m to 5·103 (green traces) and to 103 (red traces) markedly 

accelerates −•+•
A865QP  recombination, and broadens the rate constant distribution (Figure 2A). In 

contrast, in the trehalose-RC glasses, a variation of the sugar/RC molar ratio over the same range 

has essentially no effect on the kinetics (Figure 2B). We infer that, at variance with trehalose, the 
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efficacy of dried sucrose matrices in inhibiting the RC conformational dynamics strongly depends 

upon the sugar/RC molar ratio: Conformational immobilization of the RC on the time scale of 

−•+•
A865QP  recombination is only achieved at the highest protein concentration. The same conclusion 

has been reached by using transient W-band EPR detection of P+ to probe the kinetics of −•+•
A865QP  

recombination (Supporting Information (SI), Figure S1).  

 

Figure 3. Dependence of −•+•
A865QP  recombination kinetics upon the residual water content in sucrose-

RC matrices with different sugar/protein molar ratios: m = 103 (red); m = 5·103 (green); 

m = 104 (blue). average rate constant, <k>, (panel A) and distribution width, σ, (panel 

B) values have been obtained as illustrated in Figure 2. The dependence observed in a 

trehalose-RC glass, at m = 5·103, is also shown in black for comparison.  The vertical 

bars represent confidence intervals within 2 standard deviations. 

Figure 3 presents a systematic study of this effect when varying the residual water content in 

the sucrose matrices. The increase of <k> with dehydration (panel A) reflects the retardation of the 
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RC relaxation from the dark- to the light-adapted conformation, paralleled by hindering of thermal 

fluctuations between conformational substates (increase of σ in panel B). Figure 3 shows that the 

response to dehydration is dramatically modulated by the sugar/protein molar ratio: Under the driest 

conditions of the sucrose-RC matrix internal motions are barely inhibited at m = 104, but blocked at 

m = 103, as observed in trehalose-RC matrices. At the intermediate molar ratio (m = 5·103) the 

sucrose matrix reduces the RC dynamics comparably to that of the trehalose glass, but only at 

considerably lower hydration levels. 

In view of the above results we expect that the sugar/RC molar ratio also strongly affects the 

thermal stability of RCs embedded in sucrose matrices. This was confirmed by comparing the 

denaturation kinetics at 44 °C of RCs embedded in dehydrated sucrose matrices characterized by m 

= 104 and 103: At a high sugar/RC molar ratio (m = 104) the RC loses its native structure on the time 

scale of hours (Figure S2A and Figure S3); in contrast, at m = 103, essentially no denaturation 

occurs even after exposure to 44 °C for approximately one week (Figure S2B). By and large, the 

ability of dried sucrose matrices to hinder both small-scale, fast conformational relaxations of the 

RC (coupled to −•+•
A865QP  recombination) and large-scale, slow structural rearrangements (associated 

with RC denaturation) depends critically upon m.  

We investigated the molecular basis for this striking sensitivity to the sugar/protein ratio by 

W-band EPR spectroscopy of a nitroxide radical (Figure 1) dispersed in the ternary sucrose-RC-

water amorphous systems. 22, 27 Preliminarily acquired EPR spectra of the nitroxide in water 

solutions at RT both in the presence or absence of the RC are diagnostic of a freely rotating, 

unbound probe (SI, Figure S4), suggesting no preferential interaction of the spin probe with the RC-

detergent complex. 

Figure 4A shows W-band cw EPR spectra of nitroxide radicals embedded into sucrose-RC 

matrices at RT with sugar/RC ratios of 103, 5·103 and 104, dehydrated to a relative humidity r = 

11%. For comparison, the spectrum recorded in a trehalose-RC glass, with m = 104, is also 
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presented. The latter is characterized by the typical lineshape of a homogeneous distribution of 

immobilized nitroxide radicals. Three distinct B0 magnetic field regions, corresponding to the 

principal values of the g-tensor (gxx, gyy and gzz) are clearly resolved and, in the gyy and gzz regions, 

the nitrogen 14N hyperfine splitting into line triplets (I(14N) = 1, hyperfine tensor (Axx, Ayy, Azz)), is 

observed. 

 

Figure 4. (A) W-band cw EPR spectra of the nitroxide radical in trehalose (Tr)-RC and sucrose 

(Sc)-RC matrices characterized by different sugar/RC molar ratios, equilibrated at r = 

11% and acquired at 293 K. (B) Deconvolution results of the W-band cw EPR spectrum 

of the nitroxide radical in sucrose/RC matrix at different sugar/RC molar ratios. The 

spectra were obtained by substraction of the properly normalized spectrum in 

Sc/RC = 1000 matrix from the spectra with higher molar ratios. The relative integral 

weights of the deconvoluted EPR spectra of high mobility nitroxide fractions are given at 

the respective spectra.  

For the trehalose-RC glass, a satisfactory simulation of the spectrum can be obtained using a 

single set of magnetic interaction parameters (gii and Aii), demonstrating that the nitroxide radical is 

exposed to a homogeneous microenvironment. Multi-parameter  best fitting, obtained through 

numerical solution of the spin Hamiltonian, yields g- and A-tensor principal values of g = [2.0083; 

2.0059; 2.0022] and A = [0.56; 0.57; 3.69] mT (Figure S6). The spectrum closely reproduces the 

one measured in a trehalose-water binary matrix at the same r, (g = [2.0082; 2.0060; 2.0024] and A 

= [0.58; 0.58; 3.75] mT) 22. This strongly suggests that the presence of the embedded RC does not 

affect significantly the structural and dynamical features of dry trehalose matrices. 
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The spectra in the sucrose-RC matrices disclose quite a different scenario. At a sugar/RC 

molar ratio of m = 103 the spectrum is similar to that in the trehalose-RC glass, indicating that the 

nitroxides are comparably immobilized and experience a similar homogeneous microenvironment. 

However, the EPR spectrum reveals a low-field shift of the gxx spectral component as well as a 

lower Azz value in sucrose as compared to trehalose (Figure S5), which are indicative of the 

different hydrogen-bonding situations in both matrices (see ref. 28-29 and references therein). Multi-

parameter best fitting to the spectrum in sucrose yields g = [2.0086; 2.0059; 2.0022] and A = [0.55; 

0.55; 3.53] mT (Figure S6). When m is increased to 5·103 and to 104, the spectra undergo changes 

which mirror a progressive loss of homogeneity and the presence of radical subpopulations 

characterized by an increased mobility. Figure 4B shows the EPR spectra of these mobile fractions 

obtained by the subtraction of a properly normalized EPR spectrum, recorded for a sugar/RC molar 

ratio of m = 103, from the spectra for higher molar ratios. Increasing the molar ratio from 103 to 

5⋅103 results in the appearance of a nitroxide fraction with increased mobility with a relative weight 

of 0.5. The mobility and relative weight (0.7) further increase for the sample with a sucrose/RC 

molar ratio of m = 104. 

The molecular information emerging from these results is fully consistent with the effects of 

the sucrose/RC molar ratio on the RC dynamics, and on the thermal stability of the RC, as described 

above. The EPR spectral analysis, in fact, indicates that at high protein concentration (m = 103), the 

hosted molecules are strongly immobilized within an essentially homogeneous glass, mimicking 

what is observed in trehalose matrices, independent of the presence of the protein. When the protein 

is diluted by an increasing amount of sucrose (up to m = 104), the matrix loses its homogeneity, and 

an increasing subpopulation of the hosted molecules gains motional freedom, consistent with a 

weaker dynamical coupling between the amorphous matrix and embedded RC.  

Notably, even at the lowest protein concentration (m = 104), the protein strongly affects the 

organization of the sucrose matrix: The EPR spectrum recorded in the RC-sucrose matrix at m = 104 

is radically different from that observed in the binary system, which is dominated by a single 
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Lorentzian line. It reflects a matrix domain containing a large fraction (48%) of the nitroxide 

population, characterized by a very high local nitroxide concentration and a substantial amount of 

water caused by partial polycrystallization of sucrose. 22 The single dominating line disappears in 

the presence of the RC, indicating that a corresponding nanophase separation does not take place, 

although the ternary system remains heterogeneous. 

As shown in Figure 3 (see also Table S1), under hydrated conditions both trehalose and 

sucrose matrices become ineffective in blocking the conformational dynamics of the embedded 

RC.4, 16 In order to follow such a change of the sugar-protein dynamical coupling, and further 

characterize the effects of the protein on the structure and dynamics of the sugar matrices, W-band 

cw EPR spectra have been acquired in the same trehalose and sucrose glasses (previously 

equilibrated at r = 11%, see Figure 4A), rehydrated at r = 74% (Figure 5A). For comparison, spectra 

recorded in the binary trehalose-water and sucrose-water systems, rehydrated at the same r value, 

are presented in Figure 5B. The nitroxide EPR spectrum in the rehydrated trehalose-RC matrix 

(Figure 5A) shows that softening of the matrix occurs due to increased water content. As result, 

slightly increased motional mobility of immobilized radicals is observed. Surprisingly, the matrix 

stays to a large extent homogeneous, in contrast to the pure trehalose matrix. In the absence of the 

protein, in fact, the trehalose matrix in its final stage of rehydration (r = 74%) is characterized by 

the presence of three types of domains. 22 The first and second types, with high water content (low 

microscopic viscosity, very mobile nitroxides) and low water content (high microscopic viscosity, 

immobilized nitroxides), are directly probed by EPR (see Figure 5B). Thus, inclusion of the RC in 

the trehalose homogenizes the matrix composition and prohibits polycrystallization of trehalose. 

The sucrose-RC matrix composition strongly depends on the RC/sugar molar ratio. For the highest 

protein concentration (m = 103) the EPR spectrum reveals two fractions of the nitroxides. The larger 

fraction contains the radicals with higher mobility as compared to those imbedded in the trehalose-

RC matrix. Decrease of the protein concentration leads to an increase of radical mobility in this 

fraction. Whereas the EPR spectrum recorded for the sucrose-RC matrix with m = 5⋅103 roughly 
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agrees with that observed in pure sucrose (see Figure 5B). Thus, at this RC concentration, the RC-

sucrose matrix resembles the behavior of pure sucrose. One would expect that the nitroxide EPR 

spectrum in the latter matrix (binary sucrose-water system) is more similar to that measured in the 

RC-sucrose matrix at the lowest (m = 104), rather than at the intermediate (m = 5⋅103) RC 

concentration, at variance with what is observed. A possible explanation for the larger probe 

mobility at m = 104 than in the pure sucrose matrix could be that at r = 74% the equilibrated matrix 

is more hydrated in the presence of the protein and/or that additional higher water concentration 

domains are appearing, presumably at the sugar-protein interface. 

 

Figure 5. (A) W-band cw EPR spectra of the nitroxide radical in trehalose-RC and sucrose-RC 

matrices characterized by different sugar/RC molar ratios, equilibrated at r = 11% and 

subsequently rehydrated at r = 74%. (B) W-band cw EPR spectra of the nitroxide radical 

in trehalose and sucrose matrices equilibrated at r = 11% and subsequently rehydrated at 

r = 74%. All spectra are acquired at 293 K. 

The results of the W-band EPR experiments allow us to conclude about the microscopic 

behavior of sucrose and trehalose matrices in the presence of the RC protein. Independent of the 

protein content, under dehydrated conditions trehalose forms a homogeneous matrix, which 

immobilizes the embedded nitroxide radical and RC protein. The dehydrated sucrose matrix 

behaves similarly only at sufficiently high concentrations of the RC protein. Decreasing the RC 

concentration within the sucrose matrix leads to the formation of at least two domains with lower 

and higher water content under both dehydrated and rehydrated conditions. For both matrices the 
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inclusion of RC prohibits the growing of sugar polycrystalline domains that are observed in 

dehydrated sucrose and rehydrated trehalose.22  

Within the disaccharide (sucrose or trehalose) matrix, the mobility of the nitroxide (a very 

good H-bond acceptor) is expected to be mainly governed by its involvement in H-bonding with the 

local environment. The immobilization of homogeneously distributed nitroxide molecules appears 

therefore to reflect their inclusion in a sufficiently rigid and extended H-bond network.  As 

mentioned above, the progressive homogenization and immobilization of the nitroxide probe 

population upon increasing the protein concentration in the dehydrated sucrose matrix (Figure 4) 

occurs in parallel with the retardation of the RC conformational dynamics (Figure 3) and the 

consequent prevention of thermal denaturation (see SI III). This strongly suggests that the inhibition 

of the RC dynamics is also due to the development of a long-range connectivity within the sugar-

protein matrix, promoted by an extended H-bond network. This involves the sugar, the residual 

water molecules, and surface groups of the protein. Such a network would anchor the protein 

surface to the surrounding matrix, the rigidity of which depends on the hydration level (anchorage 

hypothesis 
16).  

The above considerations lead us to propose that the main physical-chemical property, which 

determines the structural/dynamical organization of the disaccharide matrix, and consequently its 

protein immobilization capability, is the propensity of a particular disaccharide to form nonspecific 

inter-molecular hydrogen-bond networks. In spite of its structural similarity with trehalose, sucrose 

has a lower propensity to form inter-molecular H-bonds. In the crystalline form, sucrose forms two 

intra-molecular H-bonds between glucopyranosyl and fructofuranosyl,30-31 while trehalose does not 

form any intra-molecular H-bond, both when dehydrated 32-33 and in the two anhydrous forms, 

Tre(α)33 and Tre(β).34 MD simulations in concentrated solutions indicate that the intra-molecular H-

bonds found in the sucrose crystal structure are not broken in solution near the glass transition 

temperature. 35 Due to the formation of intra-molecular H-bonds sucrose has fewer sites disposable 

to form H-bonds with its surrounding. The intra-molecular H-bonds also make sucrose more rigid 
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than trehalose, as recently indicated by dielectric relaxation studies on the mobility of the glycosidic 

linkage below and above the glass transition temperature.36 The comparison of EPR spectra of the 

nitroxide radical immobilized in RC-trehalose (m = 104) and RC-sucrose (m = 103) matrices (Figure 

S5 and S6) additionally supports the notion of a larger propensity of trehalose for inter-molecular 

H-bonding, as probed by the different gxx and Azz values in the two sugar matrices. 29 In the 

trehalose matrix, the nitroxide is more firmly incorporated in the H-bond network as compared to 

sucrose: In trehalose all radicals carry one H-bond, as revealed by the low-temperature EPR spectra 

(see Figure S7), while the spectrum in sucrose includes the contributions of both non- and one-H-

bonded nitroxides.29 In protein-sucrose matrices characterized by a low protein concentration, the 

rigidity of the sucrose matrix and its low propensity to H-bonding to nearby groups appear to be 

responsible for the structural and dynamical heterogeneity of the matrix: Besides sucrose 

polycrystalline clusters, and limited amorphous regions, it includes mostly domains in which the 

nitroxide probe and the RC protein retain a large mobility and conformational freedom, 

respectively. Increasing the RC concentration forces the formation of H-bonds between the protein 

surface (with its residual hydration layer) and the sucrose matrix, thus disturbing the development 

of sucrose clusters and favoring a progressively more extended H-bond network, which 

homogeneously incorporates the embedded RC, the nitroxide probe, residual water molecules and 

sucrose molecules. Such a perturbation of the H-bonding organization appears reasonable when 

considering the strong change in the protein/sucrose volume ratio upon varying the sucrose/RC ratio 

between m = 104 and m = 103. A simplified geometrical model37 yields for the RC-detergent 

complex a total volume VP ≈ 3.5⋅105 Å3. When assuming an average molecular volume of the 

sugar38, VS ≈ 3.7⋅102 Å3, a sugar/protein volume ratio in the matrix of about 10 and 1 can be 

estimated at low (m = 104) and high (m = 103) RC concentration, respectively. Interestingly, these 

values correspond, in a crude approximation (cubic lattice), to average distances between nearby 

proteins of about 85 and 15 Å, respectively. This estimate implies that at high protein concentration 

only a few layers of sucrose molecules can be accommodated in the matrix volume between nearby 
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proteins. It is not surprising therefore that the H-bonding pattern and the structure of the sucrose 

matrix are strongly re-arranged by the protein at such concentrations.  

In conclusion, the effect of protein/sugar ratio is consistent with the notion that sugar-specific, 

long-range H-bond connectivity within the protein-water-saccharide amorphous matrix is the key 

property which controls the retardation of protein conformational dynamics and is responsible for 

thermal protein stabilization at low water content.  The finding that the protein immobilization 

capability of a glassy sucrose matrix can be strongly modulated by varying the protein 

concentration provides new hints for optimizing the RT preservation of labile proteins and 

macromolecules in biopharmaceutical, solid state formulations. Additionally, the observed peculiar 

sensitivity of protein-sucrose matrices to the protein concentration can account for the in vivo 

protective role of sucrose in desiccation-tolerant plants, where sucrose (in place of trehalose) is the 

most abundant sugar accumulated when entering the state of anhydrobiosis.39  
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