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ABSTRACT: Nonaromatic amino acids with intrinsic photoluminescence (PL) have drawn growing attention due to their crucial
role in the luminescence of natural proteins. Nevertheless, the faint luminescence significantly constrains the mechanism exploration
of biomolecules as well as their practical applications. We here report a serendipitous finding of synergetic PL enhancement by
coupling both weakly emissive nonaromatic amino acids and sugars via glycosidic bonds. Namely, glycosylation drastically boosted
the quantum yields of nonaromatic amino acids from 0.3% to as high as 9.2%, accompanied by the emergence of pronounced persis-
tent room temperature phosphorescence (p-RTP). This synergistic PL enhancement arises from the ingenious integration of the elec-
tron-rich oxygen clusters present in sugar with the charge separation characteristics of amino acids. Driven by amino acids, ample
electrons supplied by the sugar rings are directionally induced to promote electron delocalization, as well as subsequently enhanced
absorption, resulting in a more efficient excitation process. Furthermore, the ultrafast femtosecond to nanosecond transient absorption
(fs-TA, ns-TA) spectroscopy and theoretical calculations further reveal the importance of hybridization of the locally excited (LE)
and the charge transfer (CT) states for PL enhancement and p-RTP features. These results not only provide a universal strategy for
constructing efficient nonconventional luminophores but also shed new light on the underlying mechanism of biological autofluores-
cence.

INTRODUCTION

Nonconventional luminophores, lacking aromatic chromophores but possessing electron-rich moieties such as -NH,,"2 ~OH,* -C=0",
have garnered significant attention due to their promising applications in optoelectronic, biological, and medical fields.”” These
unique luminophores, often derive from natural products,® biomolecules,” and synthetic chemicals,'” !! generally exhibit excellent
water solubility, low biotoxicity, and environmental friendliness.” '* Their intrinsic photoluminescence (PL) can be explained by the
clustering-triggered emission (CTE) mechanism, namely the PL arises from the clustering of electron-rich moieties, which leads to
electron delocalization and conformational rigidity.">'® This enables intriguing PL characteristics, including aggregation-induced
emission, excitation-dependent PL, and widespread phosphorescence.!”

Nonaromatic amino acids, ubiquitous nonconventional luminophores in biological organisms, play a vital role in the PL of natural
peptides'® and proteins.'” For instance, the light emission contributed by nonaromatic amino acids is often observed in amyloid-like
proteins associated with neurodegenerative diseases.® *2° Understanding their PL properties can aid in disease diagnosis and treat-
ment.”! Furthermore, the self-assembly of nonaromatic peptides can induce tunable intrinsic fluorescence, holding significant poten-
tial for nanotechnology applications.?” 2> However, PL of nonaromatic amino acids is typically weak and primarily confined to the
blue region, limiting their practical applications. Therefore, developing new efficient luminophores based on nonaromatic amino
acids is essential. Nevertheless, a general and viable strategy for effectively enhancing the PL of nonaromatic amino acids while
preserving excellent biocompatibility remains elusive. Critically, the lack of a comprehensive understanding of the fundamental
causes of weak PL in nonaromatic amino acids significantly hinders our ability to design efficient luminescent systems.

Serendipitously, we found that glycosylating nonaromatic amino acids significantly enhances their PL, boosting both sugar and
amino acid emission by up to 31-fold. For instance, glycosidic coupling of weakly emissive glucose (Glu) and L-Serine (Ser) results
in GluSer crystals with high quantum yields (®.) and remarkable persistent room temperature phosphorescence (p-RTP) (Figure 1).
In contrast, the dimers of both compounds, i.e. cellobiose (disaccharides) and BSer (dipeptides) exhibit weak PL (Figure 1A,B),
highlighting the crucial role of synergistic pairing of sugars and amino acids. Furthermore, this approach is testified universal and
also allows for fine-tuning of the @., emission wavelengths (4em), and phosphorescence lifetimes (z,) by simply adjusting the types of
sugars and amino acids used (Figure 1C). Herein, their PL behaviors and emissive mechanism were thoroughly investigated. This
finding not only opens a new avenue for developing efficient luminophores, but also provides crucial insights into the underlying
mechanisms of biological autofluorescence.'® 12423
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Figure 1. (A) Luminescent photographs taken under 312 nm UV light or after ceasing the irradiation. (B) Schematic illustration of
the crystal emission and quantum yields (@) for the dimers of sugars and amino acids and their conjugates. (C) Synthetic route of
GluSer and structures of other nonaromatic glycoamino acids studied herein.

RESULTS AND DISCUSSION

The target glycoamino acids were synthesized according to the procedures shown in Figure 1C. Notably, our initial attempts to link
amino acids to glucose through their amino groups resulted in complex and unstable products, hindering their further purifications.
Subsequently, we explored different coupling strategies, finding that the glycosidic bond formation yielded highly stable glycosylated
amino acids. Briefly, taking GluSer as example, Fmoc-L-Serine 2 was glycosylated with B-glucose pentaacetate 1 using InBr; as a
promoter to give compound 3, followed by the removal of the 9-fluorenylmethoxycarbonyl (Fmoc) and acetyl protecting group with
CH30Na in methanol, underwent two rounds of purification to furnish the resulting GluSer. The resulting compounds were thoroughly
characterized by spectroscopy methods, including HPLC and 'H/"*C NMR spectra (Figures S1-S5), testifying their high purity.

Under varying UV irradiation, Glu and Ser crystals exhibit weak bluish-violet luminescence, while GluSer crystals display bright
blue emission (Figures 2A and S6), accompanying a significant increase in @, boosted 31-fold to 9.2% from merely 0.3% (Figure
2B). Both crystals and concentrated aqueous solutions (e.g. 0.1 M) of GluSer illustrate excitation-dependent emission (Figures 2C
and S7). Specifically, with excitation wavelength (1) changing from 254 to 365 nm, the emission peaks and shoulders for GluSer
crystals at 403/435/439/463/476 nm are noticed (Figure 2C), suggesting the presence of diversified emissive clusters. This is further
supported by their distinct fluorescence lifetimes (zr) of 6.0/5.3/7.3 ns at 403/439/463 nm (Figure S8), respectively. In contrast to Glu
and Ser crystals, GluSer crystals exhibit pronounced p-RTP emission, which is also Ae-dependent. After ceasing the 312 nm UV
irradiation, a blueish-green afterglow lasting for over 4 s was observed (Figures 2A and S9). Adjusting the Aex from 254 to 365 nm,
variable peaks ranging from blue to yellowish-green were recorded, accompanying distinct 7, values (389~637 ms) and a dramatic
redshift of ~70 nm (470~540 nm, Figure 2D), with the CIE (Commission Internationale de I’Eclairage) coordinates varying from
(0.22, 0.26) to (0.33, 0.43) (Figure 2E). These results as well as the broad full width at half maximum (FWHM, 195~220 nm) of p-
RTP further indicate the concurrence of heterogeneous emissive clusters in GluSer crystals. Above PL behaviors of GluSer crystals
can be well understood by the CTE mechanism,’ namely, the clustering of electron-rich moieties of oxygen, amine, and carboxyl
groups results in diversified emissive species in GluSer crystals, which generate different emissions in response to the variation in
Acx-
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Figure 2. (A) Photographs of Glu, Ser, and GluSer crystals taken under room light, different UV lights, or after ceasing the 312 nm
UV irradiation. (B) @, of Glu, Ser, and GluSer. (C) Prompt and (D) delayed (14 = 1 ms) emission spectra of GluSer crystals with
different As. (E) The CIE coordinate diagram of p-RTP for GluSer crystals with varying A«s. (F) 7, for GluSer crystals monitored at

various AemS.
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Figure 3. (A) Photographs of GalSer, GluTHr, and GluCys crystals taken under room light, different UV lights, or after ceasing the
irradiation. (B) Prompt and delayed (¢4 = 1 ms) PL spectra of varying crystals under 365 nm UV light. (C) Delayed (s = 1 ms) PL
spectra and (D) CIE coordinate diagram with different A.s for GluCys crystals. (E) 7, and (F) @. values of varying crystals.
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To check whether such synergistic enhancement is universal or not, other glycoamino acids, GalSer, GluThr, and GluCys, were
synthesized (Figure 1C and Schemes S1-S3). Distinct from the faint emission of corresponding sugars and amino acids, all above
solids exhibit intense and excitation-dependent fluorescence and p-RTP (Figure 3A), which are consistent with those observed in
GluSer crystals, thus testifying the universality of such synergistic PL enhancement. With 365 nm UV excitation, all crystals depict
bright blue to cyan prompt PL and bluish-green to greenish-yellow p-RTP (Figure 3A,B). Specifically, GluCys crystals demonstrate
red-shifted p-RTP (565 nm) with comparison to those of GalSer (545 nm) and GluThr (530 nm) crystals, which should be ascribed
to the better electron-delocalization ability of the sulfur atom.'* ?* Meanwhile, with the variation of A from 254 to 365 nm, the p-
RTP peak of GluCys crystals is progressively adjusted from 480 to 565 nm (Figure 3C), achieving expanded tunable color from blue
to greenish-yellow (Figures 3A,D and S10). Furthermore, the 7, of different crystals is highly variable, which are 303, 542, and 102
ms for GalSer, GluThr, and GluCys crystals (Figure 3E, Aex = 365 nm), respectively. Notably, on account of the existence of diverse
clusters, the 7, also significantly varies at different emission peaks, which can even reach as long as 1020 ms (Figure S11). To further
quantitatively evaluate the PL performance of these crystals, their @.s were measured, which are 12.3%, 8.8%, and 6.8% for GluThr,
GalSer and GluCys crystals (Figure 3F), respectively. These values are significantly higher, by orders of magnitude, than those of the
corresponding sugars and amino acids alone, highlighting the robust and generalizable nature of this synergistic effect. Furthermore,
the above results also strongly suggest the high potential for regulating PL and p-RTP colors, efficiencies, and lifetimes by adjusting
the choice of sugars and/or amino acids.

To investigate the underlying mechanism for the glycosylation effect, we conducted a comprehensive study using GluSer as a
representative model. Initial observations revealed a clear synergistic PL enhancement for GluSer compared to Glu and Ser individ-
ually. Cellobiose and BSer crystals, in sharp contrast, did not exhibit a significant increase in PL, with their @, values remaining
below 1% (Figures 1A,B and S12). These findings suggest that simple dimerization and enhanced electron distribution alone are
insufficient for constructing efficient nonconventional luminophores. This indicates that the unique combination of Glu and Ser likely
plays a crucial role in the synergistic effect.

To further elucidate the mechanism, we investigated the single-crystal structures and intermolecular interactions of the compounds.
As depicted in Figures 4A and S13, multiple hydrogen bonds (C=0---H—-N, C=0---H-O, H-O---H-O0, etc.) as well as abundant short
contacts (e.g. C=0--"N—H, C=0---O—H, H-0O---O—H) are found in Glu, Ser, and GluSer crystals. Notably, GluSer crystals demon-
strate a more diversified interaction network of electron-rich functional groups, with the presence of additional C=0---O—H and
H—O---N—H short contacts alongside those similar to Glu and Ser (H-O---O—H, C=0---N—H). Noncovalent interactions (NCI)
analysis (Figure 4C) further highlights this enriched interaction network, revealing abundant through-space interactions (denoted pink
area) between adjacent GluSer molecules, facilitating through-space conjugation (TSC). While both Ser and GluSer exist in zwitter-
ionic form, the attraction between charged amino (NH3") and carboxylate (COO") groups in GluSer is significantly stronger (Figure
S14), suggesting a more compact molecular clustering.

Table 1. Dynamic photophysical parameters of the Glu, Ser and GluSer crystals.*

crystal J¢(nm) 2, (nm) D (%) B (%) D(%) wms) Ko K.  z(ms) kige (s7) kP (s K. (™)

Glu 375 510 0.2 0.16 0.04 5.1 3.1x10°  2.0x108 1152 7.8x10* 3.5x107° 8.7
Ser 467 530 0.4 0.18 0.22 6.2 3.0x10°  1.6x10° 92.6 3.5x10° 2.3x1072 10.8
GluSer 403 505 53 3.71 1.55 7.5 5.0x10°  1.3x108 630.0 2.1x10° 2.5x1072 1.6

@ lex =312 nm; @, = D¢ + Dy Dige = P/ (P, + Dy); kise = Dise P/ <>, kf = Oty k,z;, = (1- ®,)/1,. ¢ and 4, are the emission maxima of fluorescence and
phosphorescence of the crystals. @, @, and @, are the quantum efficiencies of total emission, fluorescence, and phosphorescence of the crystals, respectively.
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Figure 4. (A) Single-crystal structure with denoted intermolecular interactions of Ser, Glu, and GluSer. (B) Fragmental molecular
packing with denoted short contacts among electron-rich units in GluSer. (C) NCI plots of GluSer. (D) Luminescent photographs of
Glu, Ser, and GluSer crystals taken under 312 nm UV irradiation at 77 K.

It is noted that, previous literatures emphasized the importance of short hydrogen bonding or constraint stretching of carbonyl in
amide groups, proposing the “carbonyl-lock” mechanism as the origin of the nonaromatic fluorescence.** ?* This insight prompts us
to conduct a more detailed analysis and comparison of crystal packing and dynamic photophysical parameters. GluSer exhibits sig-
nificantly stronger hydrogen bonding around the carbonyl group compared to Ser, and also displays a two-dimensional ordered ar-
rangement (Figure 4B), which is absent in Glu and Ser crystals (Figure S13). This compact and orderly packing promotes a rigid
conformation and restricts nonradiative dissipation, as evidenced by significantly reduced k. values for GluSer compared to Glu and
Ser (Table 1), thus contributing to the enhanced PL.?” However, the PL of Ser and Glu crystals remains weak even at 77 K, contrasting
sharply with the remarkable enhancement observed in GluSer crystals, with the quantum yield increasing to 27.9% (Figure 4D). This
indicates that mere rigidified conformation, which leads to the restriction of non-radiative transitions, is not the primary driver of the
synergistic effect. Absorption measurement reveals an enhanced absorption at approximately 320 nm and a tail extending into the
visible region for a 0.1 M aqueous solution of GluSer, compared to those of Glu and Ser (Figure S15), suggesting significantly
extended electron delocalization in GluSer aggregates.'? Therefore, we suppose that the synergistic effect is primarily attributed to
the augmented absorption in GluSer, leading to more efficient excitation processes within the 280—400 nm range (Figure S15C). This
hypothesis is further supported by the optimal Acx of Gluser crystals at 340 nm, in contrast to those of Ser and Glu crystals, which fall
below 250 nm (Figure S15C).

Molecular electrostatic potential (ESP) analysis further supports our deductions. As illustrated in Figure 5A,B, only a slight accu-
mulation of electrons is observed around the oxygen atoms of Glu. The ESP on the van der Waals (vdW) surface of the Glu dimer is
distributed within a relatively narrow range of low values (—43.4 to 55.8 kcal/mol), indicating a relatively uniform electron distribution.
In contrast, the ESP distribution of the Ser dimer is remarkably more polarized, ranging from —80.6 to 93.0 kcal/mol, suggesting
charge separation within Ser, with electrons biased towards the COO™ moiety and positive charges distributed on the NH;" unit.
GluSer dimers exhibit a similar charge separation state, albeit weaker due to the mitigating influence of the electron-rich glucose
moiety, resulting in a more homogeneous electron distribution. The inherent polarizing characteristic of Ser promotes electron mo-
bility within and between molecules, leading to a more extensive spatial electron distribution, which is particularly evident in the ESP
distribution of the GluSer tetramer (Figure S16). Furthermore, the presence of numerous electron-rich hydroxyl groups in Glu con-
tributes to significant TSC in both Glu and GluSer, as indicated by the arrows in Figure 5A. Therefore, the binding of Glu and Ser
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facilitates a more uniform electron distribution across a wider spatial range and promotes TSC, leading to extended overall electron
delocalization and increased susceptibility to excitation in GluSer crystals.
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Figure 5. (A) Color-filled contour map of ESP and (B) surface area in each ESP range on the vdW surface for the dimers of Glu, Ser,

and GluSer. Solid and dashed lines correspond to positive and negative regions, respectively. (C) HOMO and LUMO electron
densities for Glu, Ser, and GluSer dimers.

To delve deeper into the mechanism underlying the synergistic effect, we employed ultrafast femtosecond transient absorption (fs-
TA) spectroscopy to probe the excited-state properties of Glu, Ser, and GluSer. Unlike the nearly undetectable signals from Glu and
Ser (Figure 6A,B), significant changes in the excited state of GluSer solution are observed in the fs-TA spectra following excitation
at both 266 and 310 nm excitation (Figure 6C,D), further confirming the enhanced excitability of GluSer. After 266 nm excitation,
the excited-state absorption (ESA) peak at 334 nm rapidly reaches to a maximum within 2.17 ps, followed by a gradual decline and
red-shift to 348 nm within 18.5 ps (indicated by arrows in Figure 6D), suggesting the formation of a charge transfer (CT) state. This
ESA peak at 348 nm can be attributed to the absorption of radical ions, corroborated by the red-shift in the PL emission of the GluSer
solution with increasing solvent polarity (Figure S17).?%° Subsequently, the ESA peak at 348 nm continues to decay, albeit at a much
slower rate, with significant ESA signals still present at 6.86 ns, implying the remarkable stability of this CT state. Additionally,
kinetic decay curve fitting using two exponential functions reveals lifetime parameters corresponding to the generation (z;) and decay
(1) of the CT state (Figure 6E). According to the kinetic decay curve of nanosecond transient absorption (ns-TA) (Figure 6F), the
ESA peak at 379 nm decays under oxygen similar that in a nitrogen atmosphere, with very similar decay lifetimes (Figure S18),
indicative of the singlet nature of this CT state. Notably, upon excitation at 310 nm, a similar evolution of the excited state is observed
(Figure 6C), further emphasizing the characteristic CT behavior in the excited state of GluSer.
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Figure 6. (A—C) The ultrafast femtosecond transient absorption (fs-TA) spectra of 1 M aqueous solutions of (A) Glu, (B) Ser, and
(C) GluSer after 310 nm excitation. (D) The fs-TA spectra and (E) the decay curve in 348 nm of 1 M GluSer aqueous solution after
266 nm excitation. (F) The ns-TA spectra decay curve of 1 M GluSer aqueous solution under N and O, atmosphere. (G) Proposed
mechanism of the synergistic PL enhancement effect.

To gain further insights into the excited-state properties, we performed time-dependent density functional theory (TD-DFT) calcu-
lations. As shown in Figure 5C, the electron distribution of HOMO and LUMO levels in Glu dimer demonstrates substantial overlap,
indicative of a predominant locally excited (LE) character. However, this limited electron delocalization results in a high energy gap
(6.3305 eV, 195.9 nm), making excitation highly challenging. Consequently, Glu crystals exhibit only faint blue-violet emission
under UV irradiation (Figures 2A and S6). In contrast, the excited state of the Ser dimer displays a distinct CT character, leading to
a much lower energy gap (Figure 5C).>*? Nevertheless, the oscillator strength of Ser dimer (f = 0.0002) is significantly lower than
that of Glu dimer (f = 0.0110), because of the minimal overlap between its HOMO and LUMO,* hindering efficient excitation and
resulting in faint blue emission (Figures 2A and S6).

Interestingly, combining Glu and Ser leads to a notable attenuation of the CT characteristic in GluSer compared to that of Ser
(Figure 5C) while simultaneously introducing an LE component. This brings about intensive TSC amongst the amino and hydroxyls
on the LUMOs (Figure 5C), likely due to moderate charge separation. The natural transition orbitals (NTO) analysis also reveals
similar transition modes and electron distribution characteristics (Figure S19). Consequently, the energy gap of GluSer dimer is
effectively reduced while maintaining a higher oscillator strength,** ** and the hybrid LE and CT state effectively increases the £;
(Table 1),% thus significantly enhances the PL performance of GluSer (Figures 2B and 5C). Furthermore, the involvement of CT
narrows the energy gap between the first singlet and triplet excited states (AEsr) in GluSer, facilitating intersystem crossing (ISC)
and subsequent p-RTP emission,” ** which leads to a notable enhancement in kisc and @,. (Figure 5C, Table 1). Therefore, the
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hybridization of LE and CT in GluSer serves as a key factor driving the synergistic effect. Above results clearly suggest that the
synergistic combination of Ser and Glu not only promotes extended electron delocalization through a wider, more uniform electron
distribution but also introduces hybrid LE and CT features, ultimately leading to significantly enhanced emission (Figure 6G).

CONCLUSIONS

In conclusion, glycosylation of nonaromatic amino acids is found effective to strikingly boosts the PL performance of both sugars
and amino acids by a magnitude order (up to 31-fold). The intrinsic emission of corresponding sugars and amino acids is inherently
weak due to their poor absorption and limited excitation propensity. Upon combination, the electron-rich glucose moiety enhances
the electron abundance, mitigating the extreme charge distribution of the amino acids. Concurrently, the charge separation within the
nonaromatic amino acids redistributes electrons in the oxygen clusters of the sugar moieties, effectively promoting electron delocal-
ization, leading to enhanced absorption and excitation.

This synergistic approach is proven universal and moreover can be utilized to regulate the PL properties (e.g. color, efficiency) of
the resulting crystals through flexible combination of different sugars and amino acids. The fs-TA and ns-TA spectroscopy, coupled
with theoretical calculations, further underscore the importance of the hybrid LE and CT state in augmenting PL and promoting p-
RTP features. This marks the inaugural report of synergistically boosted PL in nonconventional luminophores via the hybridization
of LE and CT states, thereby offering fresh design principles for constructing efficient nonconventional luminophores and laying the
theoretical groundwork for comprehending the autofluorescence in biological substances.
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